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ABSTRACT 
 
Global environmental concerns associated with conventional energy generation 
have led to the rapid growth of wind energy applications in electric power systems. 
Growing demand for electrical energy and concerns associated with limited reserves of 
fossil fuels are also responsible for the development and increase in wind energy 
utilization. Many jurisdictions around the world have set high wind penetration targets in 
their energy generation mix.  
 
The contribution of wind farms to the overall system reliability is limited by the 
uncertainty in power output from the highly variable energy source. High wind 
penetration can lead to high risk levels in power system reliability and stability. In order 
to maintain the system stability, wind energy dispatch is usually restricted and energy 
storage is considered to smooth out the fluctuations and improve supply continuity. The 
research work presented in this thesis is focused on developing reliability models for 
evaluating the benefits associated with wind power and energy storage in electric power 
generating systems. An interactive method using a sequential Monte Carlo simulation 
technique that incorporates wind farm and energy storage operating strategies is 
developed and employed in this research. Different operating strategies are compared 
and the resulting benefits are evaluated. Important system impacts on the reliability 
benefits from wind power and energy storage are illustrated. Hydro facilities with energy 
storage capability can alleviate the impact of wind power fluctuations and also 
contribute to system adequacy. A simulation technique for an energy limited hydro plant 
and wind farm coordination is developed considering the chronological variation in the 
wind, water and the energy demand. The IEEE four-state model is incorporated in the 
developed technique to recognize the intermittent operation of hydro units. Quantitative 
assessment of reliability benefits from effective utilization of wind and water resources 
are conducted through a range of sensitivity studies. The information provided and the 
examples illustrated in this thesis should prove useful to power system planners and 
wind developers to assess the reliability benefit from utilizing wind energy and energy 
storage and the coordination between wind and hydro power in electric power systems. 
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1. INTRODUCTION 
 
1.1 Power System Reliability Evaluation 
 
The primary function of an electric power system is to supply its customers with 
electrical energy as economically as possible and with a reasonable degree of continuity 
and quality [1]. Many modern electric power systems around the world have undergone 
de-regulation with major changes in structure, operation and regulation. Individual 
parties such as, power plant owners, transmission system owners and operators, 
regulators, and the end customers are all involved in the complex system. The 
development of modern society is significantly dependent on electric supply availability. 
People in modern societies have difficulty appreciating how life would be without 
electricity. It is expected that demands for high quality, and reliable power supply will 
continue to increase.  
 
The reliability associated with a power system is a measure of the overall ability 
of the system to satisfy the customer demand for electrical energy. Power system 
reliability can be further subdivided into the two different categories of system adequacy 
and system security [1] as shown in Figure 1.1 in order to provide a more specific 
meaning in power system applications.  
 
System adequacy relates to the existence of sufficient facilities within the system 
to satisfy the customer demand. These facilities include those necessary to generate 
sufficient energy and the associated transmission and distribution networks required to 
transport the energy to the actual consumer load points. Adequacy is considered to be 
 1 
 
 
associated with static conditions rather than system disturbances. System security, on the 
other hand, is considered to relate to the ability of the system to respond to disturbances 
arising within that system [1]. 
 
System Reliability 
System Adequacy  System Security  
 
Figure 1.1: Subdivision of system reliability. 
 
Modern electric power systems are very complex, highly integrated. It is very 
difficult and impractical to attempt to analyze the whole power system as a single entity 
in a completely realistic and exhaustive manner. The overall power system can be 
divided into the three main functional zones of generation, transmission, and distribution. 
These functional zones can be combined to create the three hierarchical levels shown in 
Figure 1.2. 
 
Reliability assessment at Hierarchical Level I (HL-I) is only concerned with the 
generation facilities. At this level, the total system generation including interconnected 
assistance is examined to determine its ability to meet the total system load demand. 
Reliability assessment at HL-І is normally defined as generating capacity adequacy 
evaluation. The transmission network and the distribution facilities are not included in 
an assessment at the HL-І level.  
 
Adequacy evaluation at Hierarchical Level ІІ (HL-ІІ) includes both the 
 2 
 
 
generation and transmission facilities in an assessment of the ability of the composite 
system to deliver energy to the bulk load points. This analysis is usually termed as 
composite system reliability evaluation or bulk power system reliability evaluation. 
Adequacy evaluation at Hierarchical Level ІІІ (HL-ІІІ) is an overall assessment that 
includes all three functional segments. 
 
Figure 1.2: Hierarchical levels. 
 
The research work described in this thesis is conducted at the HL-І level, and is 
focused on the adequacy benefits associated with incorporating wind power and energy 
storage facilities in a traditional power generating system. 
 
1.2 Wind Energy and Power System Reliability 
 
There has been a rapid growth of renewable energy sources in power systems 
Generation 
Facilities 
Transmission 
Facilities 
Distribution 
Facilities 
Hierarchical Level І 
HL-І 
Hierarchical Level ІІ 
HL- ІІ 
Hierarchical Level ІІІ 
HL- ІІІ 
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due to environmental concerns in energy generation from the conventional sources. 
Growing demand for electrical energy and the concerns associated with limited reserves 
of fossil fuels such as coal, oil, and natural gas are also responsible for the development 
and increase in renewable energy utilization. 
 
Wind energy is one of the fastest growing renewable energy sources. Figure 1.3 
shows the total wind capacity installed around the world from 1980 to 2008. A total of 
120,791 MW of wind capacity has been installed throughout the world [2] by the year 
2008. The cost of energy from wind has dropped to the point that in some sites it is 
nearly competitive with conventional sources. The current total installed wind capacity 
in Canada is 2,577 MW, which is about 1 % of Canada’s total electricity demand [3]. 
Saskatchewan currently has 171.2 MW of installed wind capacity, with the completion 
of the 150 MW centennial wind project in 2006 [3]. 
 
The World Energy Council has estimated that wind energy capacity worldwide 
may total as high as 474,000 MW by the year 2020 [4]. In Canada,  Ontario, Nova 
Scotia and Prince Edward Island have committed to generate 10%, 5% and 15% 
respectively of the total electricity production from renewable energy sources by the 
year 2010 [3]. Many countries around the world are implementing different policies to 
promote the growth of renewable energy. The Renewable Portfolio Standard (RPS) is a 
policy that requires those who sell electricity to have a certain percentage of renewable 
power in their mix [5]. In the USA, 13 states have written the RPS into state law to 
increase the percentage of renewable power to 10%-20% before the year 2010. 
Renewable energy policies, such as the Fixed Feed-in-Tariffs in Germany, Denmark, and 
Spain [6], and Renewable Obligation in the UK [7], have driven the development of 
wind power in these countries. 
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Figure 1.3: World wind electricity-generating capacity, 1980-2008. 
 
It is important to develop comprehensive reliability evaluation techniques as 
wind power penetration levels in traditional power systems continue to increase. 
Conventional generating units (CGU) are capable of generating rated power during 
normal operation. Reliability evaluation techniques for these units are well established, 
and are routinely used in reliability evaluation and capacity planning of electric power 
utilities. This is not the case with wind energy sources, the power output of which 
fluctuate randomly with time depending on the wind variability at the wind farm site. 
The reliability evaluation of power systems including wind energy conversion systems 
(WECS) is, therefore, relatively complex. 
 
Wind power studies require accurate models to forecast wind speed variation at 
the wind farm locations of interest and appropriate models for wind turbine generators 
(WTG). Wind speed distributions are often characterized by Weibull distributions in 
system evaluation using analytical methods. The methods using Weibull distributions [8] 
have previously been used to estimate wind speed data in wind power studies. These 
techniques cannot recognize the chronology in wind speed variation at a geographic 
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location. Historical hourly data for the wind farm site collected over a significant period 
of time are normally required to obtain the shaping parameters. Reference [9] presents 
an algorithm to simulate the hourly wind speed using a time series auto regressive and 
moving average (ARMA) model. The method requires actual hourly wind speed data 
collected over a long period of time for the particular geographic location in order to 
construct a wind speed simulation model for the specific site. This model can reflect the 
true statistic characteristics of wind speed for the wind site.  
 
The power output characteristics of WTG are quite different from those of 
conventional generating units. Conventional generating units are capable of producing 
rated power outputs at all times except when they undergo partial or complete failures. 
The WTG design characteristics and the available wind speed affect the electric power 
output of a normally operational WTG unit. The wind speed characteristics, however, 
have a major impact on the power output. The relationship between the wind speed and 
the power output of the WTG is usually provided by the wind turbine manufacturers in 
the form of a non-linear graph known as the wind power curve [10]. 
 
Reliability assessment of generating systems including wind power can be 
performed using different techniques. Analytical methods evaluate the reliability indices 
using numerical solutions from mathematical models that represent the power system. 
Monte Carlo simulation (MCS) techniques provide a different approach to estimate the 
indices by simulating the actual process and random behavior of the system. 
 
There has been considerable research activity in the area of power system 
reliability including wind energy in the past several years. A WTG unit has been 
modeled as a multi-state unit to recognize the intermittent nature of wind power in 
reliability evaluation of power systems including wind energy using analytical 
techniques in [8, 10-14]. A procedure to incorporate the WTG power curve in 
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determining the impact of wind generation on system reliability is presented in [10]. 
Reference [11] presents an algorithm to derive a probabilistic WTG model, and the 
application of this model to determine the annual energy output of a grid connected wind 
farm. Reference [12] presents a technique to obtain multi-state power output models of 
WTG units for reliability evaluation. Reference [13] provides a simplified wind power 
generation model with reasonable accuracy for reliability evaluation. This model can be 
used to generate the wind speed probability distributions for multiple wind sites if their 
annual mean and standard deviation of wind speed data are known. The simplified wind 
power model presented in [13] is extended to include the effect of wind power delivery 
system in [14]. Large wind penetrations will require large investments in wind facilities. 
It becomes very important to consider the capacity credit of WECS. Conventionally, 
wind is considered as a source of energy, but not a source of capacity. References [15] 
and [16] have considered the issue of calculating the capacity credit of WECS. The 
WECS capacity credit is approximated by the average wind power in reference [17] for 
relatively low wind power penetration levels. 
 
The inherent complexities with site-specific wind variations, WTG 
characteristics, and their impact on the overall system performance make it very difficult 
to develop an accurate analytical model for WECS. MCS methods estimate the 
reliability indices by simulating the actual process and random behavior of the system. 
MCS can theoretically take into account virtually all aspects and contingencies inherent 
in the planning, design and operation of a power system [1]. There has been a growing 
interest and an increasing trend in applying MCS approaches to power system reliability 
analysis in the last decade due to the rapid development in high speed computation tools. 
 
There are generally two types of MCS techniques for power system reliability 
evaluation. One is designated as the sequential and the other as the non-sequential 
approach. Sequential simulation can fully take into account the chronological behavior 
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of the system, while the non-sequential method involves non-chronological system state 
considerations. The sequential technique, therefore, provides more accurate frequency 
and duration assessments than the non-sequential method [18]. 
 
Chronological simulation methods for the reliability evaluation of electric power 
systems containing non-conventional energy sources are presented in [19-26]. ARMA 
models are used in conjunction with a MCS method in the reliability evaluation of 
power systems including wind energy in [19-24]. The sequential MCS technique can 
incorporate the chronological characteristics of wind, load profiles and the chronological 
transition states of all the components within a system. Sequential simulation can, 
therefore, provide realistic and more accurate results than analytical methods when 
considering a large number of system variables in the assessment of wind power. 
 
1.3 Reliability Considerations in Generating Systems Containing Wind Power 
and Energy Storage 
 
Conventional generating units are usually quite reliable and are operated without 
the use of energy storage facilities. The power output from WTG can not be expected to 
continuously satisfy the scheduled energy demand due to the rapid fluctuations of wind 
speed. Large scale integration of wind power in an electric grid can produce large power 
fluctuations, and result in a high risk in providing a continuous power supply [27]. This 
risk can be reduced by storing energy and using it during low wind or no wind periods. 
 
The value of bulk energy storage combined with operating reserve provided from 
conventional generation is investigated in [28]. Reference [29] presents an approximate 
technique for the reliability evaluation of power systems including WECS and energy 
storage. The relationship between the amount of energy storage and the loss of power 
supply probability is also investigated. A probabilistic method for the calculation of 
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reliability indices of a stand alone wind energy system in parallel with a storage battery 
is presented in [30]. A general probabilistic model of a WECS containing WTG units 
and battery storage is presented in [31]. In reference [31], wind speed is assumed to have 
a Weibull distribution, and a bi-directional flow of power in and out of the battery is 
considered. Reference [32] presents a technique utilizing Monte Carlo simulation for the 
reliability evaluation of generating systems including wind, and energy storage. This 
method incorporates an energy storage model appropriate for sequential simulation, and 
considers the chronological random nature of wind speed. There is a need to develop 
reliability evaluation models for energy storage considering energy storage operating 
constraints and the coordination between wind farm and energy storage. 
 
1.4 Power Systems including Wind and Hydro Power Generation 
 
System operators responsible for integrating large wind farms have concerns 
about the system’s ability to absorb available wind energy and simultaneously maintain 
system reliability. The amount of wind energy that can be absorbed by an electric power 
system can be greatly limited if the available conventional units are not able to respond 
quickly to the changes created by wind power fluctuations. This problem can be better 
addressed if wind energy can be stored and utilized where needed. Hydro power stations 
with a reservoir have an ability to change their power output quickly and act as an 
energy storage facility to store water during high wind periods, and increase output when 
wind power goes down. 
 
The coordination between wind farm and hydro power stations has been explored 
in [33-38]. Most researchers agree that the value of wind and hydropower can be 
mutually enhanced by working together to produce a stable supply of electricity [33]. A 
planning algorithm is presented in [34] for a multi-reservoir hydropower system 
coordinated with wind power. The long term economic viability of the operation of a 
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wind farm cooperating with two water reservoirs, involving a micro-hydroelectric power 
plant and a water pump station is investigated in [35]. An hourly discretized 
optimization algorithm to identify the optimum daily operational strategy to be followed 
by both wind turbines and hydro generation pumping equipment is described in [36]. 
Wind power is interconnected to the grid and the hydro power is used as a backup option 
to compensate for the wind power fluctuations in a context of a global energy balance in 
[37]. Economic benefits for the integrated operation of large scale wind power plants 
with existing hydropower plants are investigated in [38]. Little research work has 
investigated the reliability benefit of using wind power in conjunction with hydro plants 
in large power systems. 
 
1.5 Research Objectives  
 
The rapid growth of wind power in electric power systems, and the 
implementation of policies that have established significantly high wind power 
penetration targets have led to serious concerns on the reliability of power systems. The 
fluctuating characteristic of WTG power output makes the utilization of energy storage 
important in generating systems including WECS. System operators responsible for 
integrating large wind farms have concerns about the system’s ability to absorb available 
wind energy and simultaneously maintain reliability. The amount of wind energy that 
can be absorbed by an electric power system can be greatly limited if the available 
conventional units are not able to respond quickly to the changes created by wind power 
fluctuations. Energy storage can be used to smooth out the wind power fluctuations to 
maintain system stability, and also improve the continuity of power supply. Hydro power 
stations with a reservoir have an ability to change their power output quickly and act as 
an energy storage facility to store water during high wind periods, and increase output 
when wind power goes down. 
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The scope of this research work is concentrated on the development of HL-І 
adequacy evaluation models and techniques for generating systems including wind 
energy and energy storage. The main objectives described in this thesis are to investigate: 
(1) Reliability benefit of utilizing wind power and energy storage facilities in electric 
power supply. (2) Reliability impact from coordination between wind power and existed 
hydro power. The objectives of this research work have been completed by focusing on 
the following tasks: 
 
1. Development of adequacy assessment techniques for power systems 
including wind power and energy storage 
2. Application of wind energy and storage models 
3. Modelling and development of adequacy evaluation techniques for wind 
hydro systems 
4. Application of wind and hydro models for reliability studies 
 
New battery technologies, such as the Vanadium Redox Battery (VRB) [39], are 
being considered and successfully tested for large scale on-grid applications of wind 
energy. It is important to investigate the possible impacts of energy storage on the 
reliability of relatively large systems that include significant amounts of wind power 
capacity. Reference [32] presents techniques and models for reliability study of small 
isolated power systems including wind and energy storage. An important contribution in 
this thesis is the extension of these techniques to include important operating constraints 
that exist in real life systems. The proposed methodology incorporates models to 
recognize the impacts of an energy storage facility and its control by different system 
participants. The newly developed models also include provisions to limit the wind 
energy dispatch to a fixed percentage of the system load in order to consider system 
operating constraints when the wind power penetration level is relatively high. 
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The illustration of important results from the application of the proposed energy 
storage model in adequacy evaluation of a generating system considering wind power 
and energy storage is another useful contribution in this thesis. The method used to 
operate the energy storage facility may have significant impacts on the system reliability 
and on the efficiency of wind energy utilization in a power system. Different operating 
strategies for wind farm and energy storage are proposed and compared by evaluating 
the reliability benefit from energy storage and the amount of wind energy that can be 
stored. Acceptable wind farm and energy storage operation strategies suitable for system 
operators and wind farm owners are illustrated, and valuable information is provided for 
power system reliability evaluation, planning, and decision making. The energy storage 
model development and application for capacity adequacy evaluation of generating 
systems containing wind power is the basic objective of this research. 
 
Wind farms with large installed capacities will continue to be connected to major 
power systems in the near future. As wind is an intermittently changing energy source, 
grid connected conventional generation can largely guarantee a backup energy source in 
situations where wind availability is insufficient. However, at high wind penetration, the 
reliability of the overall system is greatly affected and generation facilities with energy 
storage capability can be very useful in maintaining the necessary level of system 
reliability. Hydro power can be combined with wind energy and properly operated to 
smooth out wind power fluctuations. An important objective of the research described in 
this thesis is to develop appropriate models and techniques for reliability evaluation of 
power systems containing wind power in coordination with hydro power. 
 
Reference [40] presents a hydropower model to evaluate the reliability of a 
hydro-thermal reliability test system (HT-RTS) obtained by modifying the IEEE-RTS 
[41] in which six 50 MW generating units are considered as hydro units sharing a 
common reservoir. A major contribution in this thesis is the modification of the hydro 
 12 
 
 
models and development of new models to incorporate wind power for quantitative 
assessment of reliability and renewable resource utilization in a power system. A 
methodology for an energy limited hydro plant and wind farm coordination is developed 
in the work described in this thesis using a Monte Carlo simulation technique 
considering the chronological variation in the wind, water and the energy demand. The 
IEEE four-state model [42] is widely used in estimating unavailability parameters for 
peaking units. An important contribution in this thesis is the application of the four-state 
model to represent intermittently operated hydro units, which are used for peaking and 
for wind power coordination, in a sequential simulation to incorporate the chronological 
impact of wind/hydro coordination and reservoir energy considerations. The proposed 
model for hydro units is used to examine the actual reliability benefit from WTG units 
coordinated with energy-limited hydro units. The impact on the overall system adequacy 
of different factors, such as the number of hydro units coordinated with wind power, 
wind penetration level, wind farm geographical location, system load level, wind-hydro 
coordination strategy, water in-flow and reservoir volume, etc are investigated in this 
research work. 
 
1.6 Outline of the Thesis 
 
 Appropriate models and techniques required to conduct reliability evaluation of 
electric power systems containing wind power and different types of energy storage 
facilities are established in this thesis. A wide range of case studies are presented to 
illustrate the application of the proposed models and methodologies in practical system 
analyses. The contributions of this research work are presented in this thesis in six 
chapters. An overview of the contents in each chapter is presented below. 
 
Chapter 1 introduces the basic concepts of power system reliability evaluation. 
The application of wind power in modern electric power systems, and the basic methods 
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used in power system reliability assessment are briefly introduced. The emergence of 
potential power system reliability problems with the increase in wind power penetration 
is highlighted. A brief review of the available literature on reliability assessment of 
power systems containing wind power and energy storage is presented. This chapter also 
outlines the objectives and scope of the thesis. 
 
Chapter 2 reviews the basic reliability concepts and techniques for generating 
system adequacy evaluation. Basic generation models, load models and risk models for 
probabilistic methods are introduced. Direct analytical techniques and Monte Carlo 
simulation methods widely used in probabilistic power system reliability evaluation are 
introduced in this chapter. 
 
Chapter 3 presents the mathematical models required for the adequacy evaluation 
of generating systems including wind energy and energy storage using the sequential 
Monte Carlo simulation method. The wind speed model and WTG power generation 
model are presented at the beginning of the chapter. A time series energy storage model 
considering its charging/discharging characteristics is then developed and presented. 
Models to represent hydro power plants are introduced and integrated in the simulation 
process developed for reliability evaluation of generating systems considering the 
coordination between wind power and energy limited hydro units. The system reliability 
indices, energy storage related indices and hydro utilization related indices are also 
presented in this chapter. 
 
Chapter 4 describes the proposed model for energy storage and its application to 
a test system. Possible strategies for wind farm operation and energy storage are 
presented and compared by evaluating the reliability benefit from energy storage and the 
amount of wind energy that can be stored. A wide range of studies considering variations 
in key factors, such as wind farm location, wind penetration level, energy storage 
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capacity, energy storage operating constraints, and wind energy dispatch restrictions are 
conducted. Operating strategies useful to system operators and wind farm owners are 
presented, and the benefits from their applications are illustrated. 
 
Chapter 5 presents the application of the adequacy evaluation technique 
developed considering the coordinated operation of wind power and hydro power. The 
studies conducted to investigate the impact of energy limited hydro units and the wind 
power dispatch restrictions on system adequacy are presented at the beginning of the 
chapter. A wide range of sensitivity studies are also conducted to assess the reliability 
benefit from the coordination between wind power and hydro units. Important 
parameters that affect the system adequacy, such as the number of hydro units 
coordinated with wind power output, water inflow and reservoir volume, system load 
level, wind power penetration level, wind-hydro coordination strategy, starting failure of 
hydro units, and initial water volume in the reservoir are examined in this chapter.  
 
Finally, Chapter 6 summarizes the thesis and highlights the conclusions. 
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2. BASIC CONCEPTS AND TECHNIQUES FOR GENERATING 
SYSTEM ADEQUACY ASSESSMENT 
 
2.1 Introduction 
 
The primary concern in adequacy evaluation at the HL-I level is to assess the 
capacity of the generating facilities to satisfy the total system load demand. In an HL-I 
adequacy study, the reliability of the transmission system and its ability to deliver the 
generated energy to the customer load point are normally not considered. The calculated 
indices reflect the ability of the generating facilities to meet the system load requirement. 
The basic system representation in an HL-I study is shown in Figure 2.1 [1], where the 
total generation system and total system load are directly connected. 
 
Total 
Generation 
System 
Total 
System 
Load 
 
Figure 2.1: System model for HL- I adequacy evaluation. 
 
The basic task in an HL-I adequacy evaluation is to determine the required 
generating capacity to satisfy the load requirements considering the uncertainty in load 
variation, generating unit failures and repairs, and allowing for periodic maintenance. 
The generating capacity in excess of the peak demand, called the capacity reserve, is 
required to ensure against excessive load curtailment situations. An extremely high 
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reserve can provide a very high level of system reliability, but at a very high investment 
cost. On the other hand, a low reserve, although cheaper, may not provide acceptable 
system reliability. Different techniques are used by electric power utilities to estimate the 
appropriate reserve required to maintain an acceptable level of system reliability. The 
two main reliability methods are the deterministic and the probabilistic methods. 
 
The earliest techniques used to determine the required level of capacity reserve 
were deterministic methods. The common deterministic approaches [43] include:  
 
(1) Capacity Reserve Margin (CRM)  
The capacity reserve margin is the excess generation capacity over the peak 
system demand. A reserve margin equal to a fixed percentage of the total installed 
capacity is required in this approach to avoid load loss due to the uncertainty with the 
load growth, or generating unit failures. The percentage value is chosen based on past 
experience. This method is easy to understand and apply. 
 
(2) Loss of the Largest Unit (LLU) 
A capacity reserve equal to the capacity of the largest unit is required in this 
approach. This is also known as the “n-1” method, and it attempts to maintain supply 
continuity in the event of an outage of any generating unit in the system.  
 
(3) Loss of the Largest Unit and a Percent Margin 
A combination of the above two methods have also been used in the past. The 
required capacity reserve is equal to the capacity of the largest unit plus a fixed 
percentage of either the peak load or the total installed capacity.  
 
Deterministic methods estimate the system adequacy largely on the basis of past 
experience and personal judgment, and do not recognize the inherent random nature of 
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generating unit failures and the uncertainty in load variations. Therefore, a deterministic 
approach is unable to recognize and reflect the actual system risk. Probabilistic methods, 
on the other hand, are capable of recognizing the inherent risk in component failures and 
load variations. There has been a shift from deterministic methods to probabilistic 
methods in adequacy evaluation of power systems for capacity planning. 
 
The appropriate system models in probabilistic methods include generation 
models, load models, and the risk model, and are first introduced in this chapter. The 
detailed methodologies for different types of probabilistic methods are then presented.  
 
2.2 System Modeling in Probabilistic Methods 
 
The need and benefits of utilizing probabilistic methods have been recognized 
since the 1930s. However, the lack of relevant data, lack of realistic reliability 
techniques, limitations of computational resources and misunderstanding of the 
significance of probabilistic criteria and risk indices have limited the application of such 
methods in the past [1]. None of these reasons are valid today and, therefore, most 
modern large power utilities use probabilistic methods in generating capacity adequacy 
assessment [43]. 
 
The basic approach used in the probabilistic adequacy evaluation of an electric 
power generating system consists of three main parts which are shown in Figure 2.2 [1]. 
The generation and load models shown in Figure 2.2 are combined to form the risk 
model. Adequacy evaluation, therefore, consists of the following three steps: (1) Build a 
generation model based on the operating characteristics of all the generating units in the 
system. (2) Construct an appropriate load model. (3) Obtain a risk model by combining 
the generation model with the load model. Appropriate risk indices can be utilized in the 
risk model to provide a quantitative measure of system reliability. The three models are 
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described in the following sub-sections. 
 
 
Generation Model Load Model 
Risk Model 
 
Figure 2.2: Conceptual tasks in generating capacity reliability evaluation. 
 
2.2.1 Generation Model 
 
A generating unit in a power system can be represented by a two-state or a 
multi-state Markov model. A two-state model represents a generating unit that can reside 
either in the fully functional state, or in the forced out of service state, as shown in 
Figure 2.3. The generating unit transits between the two states, and the transition rates λ 
and μ are shown in Figure 2.3. Here λ is the failure rate and μ is the repair rate of the 
generating unit. The mean time to failure (MTTF) is the average time a unit spends in 
the “Up” state. The failure rate λ is equal to the reciprocal of the MTTF, and can be 
calculated for a generating unit using (2.1). The mean time to repair (MTTR) is the 
average time taken to repair a unit. The repair rate μ is equal to the reciprocal of the 
MTTR, and can be calculated for a generating unit using (2.2). 
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Figure 2.3: Two-state model for a generating unit. 
 
operating wascomponent   the timeof period total
  timeof periodgiven  in thecomponent  a of failures ofnumber 1 ==
MTTF
λ     (2.1) 
 
repaired being wascomponent   the timeof period total
  timeof periodgiven  in thecomponent  a of repairs ofnumber 1 ==
MTTR
μ     (2.2) 
 
The probability of finding a unit on forced outage at some distant time in the 
future is known as the unavailability (U). This term is conventionally known as the 
generating unit forced outage rate (FOR), and is a key reliability parameter in power 
system reliability studies [1]. Equation (2.3) can be used to obtain the unavailability or 
the FOR of a generating unit if the unit failure rate λ and the repair rate μ are known. 
Similarly, the availability (A) of the generating unit can be obtained using (2.4). 
Equations (2.3) and (2.4) are obtained from the two-state Markov model shown in 
Figure 2.3. The generating unit FOR is usually calculated from the unit operational data 
using (2.5) [1]. 
 
μλ
λ
+=U                                                        (2.3) 
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μ
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A generating unit can reside in a number of other derated states where it operates 
with a reduced capacity in addition to being in the fully rated and failed states. The 
simplest model that incorporates derating is shown in Figure 2.4. Figure 2.4 shows a 
three-state Markov model with a single derated state in addition to the fully available 
state and the totally failed state.  
 
Up 
 
 
Figure 2.4: Three-state model for a generating unit. 
 
Base loaded units have relatively long operating cycles, and the conventional 
two-state model in Figure 2.3 or three-state model in Figure 2.4 is a good representation 
for them. Peak loaded units operate for relatively short periods since they are frequently 
started and stopped due to economy shutdowns. The IEEE Subcommittee on the 
Application of Probability Methods proposed a four-state model for peaking units [42]. 
Derated Down 
1 
3 
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λ21 
λ32 λ23 
λ13 
λ31 
2 
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This model includes the reserve shutdown and forced out but not needed states, and is 
shown in Figure 2.5. Hydro units in power systems have the ability to be started quickly 
and provide rated power output, and therefore, are often used as peaking units. The 
four-state model shown in Figure 2.5 is a good representation for hydro units if they are 
used as peaking units, or are started and stopped frequently in response to system 
conditions, and operating constraints. 
 
Reserve Shutdown In Service 
 
State 1 
 
 
m = Mean time to failure (MTTF) 
r = Mean time to repair (MTTR) 
T = Average reserve shutdown time between periods of need 
D = Average in service time per occasion of demand 
Ps = Probability of starting failure 
 
Figure 2.5: IEEE 4-state model for a peaking unit. 
 
2.2.2 Load Model 
 
There are different types of load models that can be used to represent the system 
energy demand over a specific period of time. The simplest load model is to use a fixed 
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load for the entire period under study, and in these situations the system peak load is 
usually taken as the fixed load.  
 
The daily peak load variation curve (DPLVC) and the load duration curve (LDC) 
are widely used load models in adequacy evaluation of generation systems. The DPLVC 
is created by arranging the individual daily peak load data, usually collected over a 
period of one year, in descending order. The LDC is created when the individual hourly 
peak loads are used, and in this case the area under the curve represents the total energy 
demand for the system in the given period [1]. The LDC provides a more complete 
representation of the actual system load demand than the DPLVC. A sample load 
duration curve is shown in Figure 2.6.  
 
 
 
Figure 2.6: A sample load duration curve. 
 
The IEEE-RTS is a published test system that is widely used in reliability studies. 
The hourly load data for this system is provided in Appendix A. A chronological load 
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model can be obtained from the available hourly data. The load L(t) for hour t can be 
determined applying (2.6). 
 
)()( tPPPLtL hdwy ×××=                                              (2.6) 
 
In equation (2.6), Ly is the annual peak load, Pw is the percentage of weekly load 
in terms of the annual peak, Pd is the percentage of daily load in terms of the weekly 
peak load and Ph(t) is the percentage of hourly load in terms of the daily peak. Once the 
annual peak load, weekly percentage, daily percentage and 24-hour load profile are 
determined, the annual hourly load model can be developed from (2.6). Figure 2.7 shows 
the chronological hourly load model for the IEEE-RTS which has an annual peak load of 
2850 MW. The y-axis of Figure 2.7 can also be represented in per unit of the annual 
peak load, and the resulting load model is often used in studies considering different 
peak load scenarios. This load model has been used in all the simulation analyses in this 
thesis. 
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Figure 2.7: Chronological hourly load model for the IEEE-RTS. 
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 2.2.3 System Risk Model 
 
The system risk model is obtained by combining the generation model with the 
load model. The risk model thus obtained can provide the system risk indices, such as 
loss of load expectation (LOLE) and loss of energy expectation (LOEE). The LOLE and 
LOEE are the most widely used adequacy indices. The LOLE is the expected number of 
hours or days in a year that the total system generation will not be able to satisfy the 
system demand. The LOEE is the expected energy that will not be supplied by the 
generating system due to those occasions when the load demand exceeds the available 
capacity. 
 
2.3 Probabilistic Adequacy Evaluation Methods 
 
There are generally two fundamental approaches used to calculate the risk 
indices in a probabilistic evaluation, the analytical method and the simulation method 
commonly known as Monte Carlo Simulation (MCS) [1]. Analytical techniques use 
mathematical and statistical models to represent the system elements. The system risk 
indices are obtained by solving mathematical models. Monte Carlo Simulation, on the 
other hand, simulates the actual process and the random behavior of the system. The 
reliability indices are obtained by observing the simulated operating history of the 
system. There are both advantages and disadvantages in each approach. The selection of 
the proper approach should be based on the desired type of evaluation and the particular 
system problems. 
 
2.3.1 Analytical Techniques 
 
Analytical assessment of generating capacity adequacy can provide information 
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on the likelihood that the generation will be unable to serve the system load. The basic 
generation model in an analytical technique is a capacity outage probability table 
(COPT). The COPT is arranged in the form of an array of capacity levels and their 
associated probabilities of existence. A recursive technique can be utilized to construct 
the COPT by adding a two-state or a multi-state generating unit in the COPT one at a 
time in a loop process until all the units in the system have been considered. 
 
A generating unit with a capacity of C MW is considered to be either fully 
available (Up) or totally out of service state (Down) in a two-state model as shown in 
Figure 2.3. The cumulative probability of a capacity outage state of X MW, after adding 
the unit with a FOR of U, is given by (2.7). 
 
)()()()1()( CXPUXPUXP −′+′−=                                     (2.7)    
 
where, P’(X) and P(X) denote the cumulative probabilities of a capacity outage level of 
X MW before and after the unit of capacity C is added respectively. Equation (2.7) is 
initialized by setting P’(X) =1.0 for X≤0 and P’(X) =0 otherwise [1]. 
 
If a generating system contains generating units with derated states as shown in 
Figure 2.4, a recursive technique using (2.8) can be used to construct the COPT. (2.8) 
reduces to (2.7) when the number of unit states n is equal to 2. 
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where,  
n = the number of unit states, 
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Ci = capacity of the outage state i for the unit being added, 
pi = probability of existence of the unit state i. 
 
The COPT can be combined with the appropriate load model, such as the 
DPLVC or the LDC, to calculate the system LOLE which is the expected number of 
days or hours in the period that the load exceeds the available generation capacity. 
Figure 2.8 shows the method of combining the different system capacity states in a 
generation model with the DPLVC load model. 
 
It can be seen from Figure 2.8 that a capacity outage Ok will result in a loss of 
load condition for a time duration tk. This outage condition will contribute to the system 
LOLE by an amount equal to the product of the probability of the existence of the 
outage pk and the corresponding time tk, i.e. pk×tk. Any capacity outages less than the 
reserve do not contribute to the system LOLE. Equation (2.9) mathematically expresses 
the system LOLE for a specified period of interest. 
 
1
n
k k
k
LOLE p t
=
= ×∑                                                     (2.9) 
 
where, 
n = the number of capacity outage states in the COPT, 
pk = probability of the existence of the capacity outage Ok, 
tk = the time for which loss of load will occur due to the ouage Ok. 
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Figure 2.8: Loss of load method. 
 
The pk values in (2.9) are the individual probabilities of the corresponding 
capacity outage states and can be obtained from the COPT. If the cumulative 
probabilities are used, (2.9) should be modified as shown in (2.10). 
 
∑
=
−−×=
n
k
kkk ttPLOLE
1
1 )(                                              (2.10) 
 
where, Pk = the cumulative outage probability for capacity outage Ok. 
 
LOLE is measured in days per year if the load characteristic in Figure 2.8 is the 
DPLVC for a period of one year. If a LDC is used, the LOLE is in hours per year. If the 
time tk is a per unit value of the total period considered, the index calculated by (2.9) or 
(2.10) is called the Loss of Load Probability (LOLP). 
 
The area under the LDC is the total system energy demand. The energy based 
risk indices can be obtained if the COPT is combined with the LDC load model. The 
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loss of energy indices obtained using this approach are the LOEE or its normalized 
values. Figure 2.9 shows that any outage of generating capacity which exceeds the 
reserve can result in a curtailment of the system load. The energy curtailment is given by 
the shaded area in Figure 2.9. 
 
If Ok is the magnitude of the capacity outage, pk is the probability of the capacity 
outage, and Ek is the energy curtailment by the outage Ok, the total expected energy 
curtailment or LOEE can be calculated using (2.11). 
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                                                  (2.11) 
 
Reserve 
Ek 
Ok 
Load Duration Curve 
Installed Capacity 
Peak Load 
Lo
ad
 o
r C
ap
ac
ity
 (M
W
) 
Time Period (hours) 
 
 
Figure 2.9: Loss of energy method. 
 
Other analytical evaluation techniques include the load modification method and 
the frequency and duration approach. The load modification method is based on the 
 29 
 
 
concept of determining the equivalent load model seen by the remaining units when each 
unit is placed sequentially in service. If the generating system is energy limited, such as 
a hydro plant with limited storage, the process includes the modification of the 
equivalent load model by the generating unit based on the energy limitations [44]. The 
frequency and duration method uses Markov models to represent the generating units 
and the system load. Additional data such as the generating unit and load state transition 
rates are required for the frequency and duration calculations. The basic concepts for this 
method are presented in [45], and its detailed application in adequacy evaluation can be 
found in [1]. 
 
The system under study is represented by a mathematical model in an analytical 
method. Once the mathematical model is derived, these methods are usually simple to 
apply and the results are easily reproduced. The mathematical models representing 
practical systems are often simplified as power systems in real life are very complex. 
The system model in an analytical approach can be over simplified if the system 
includes highly variable energy sources such as wind power and energy limited hydro 
power, and the coordination of different types of energy sources to satisfy the varying 
load. The results thus obtained can be inaccurate. The MCS methods are more 
appropriate in the evaluation of these types of complex systems. 
 
2.3.2 Monte Carlo Simulation Method 
 
The primary task of this thesis is to develop generating capacity adequacy 
evaluation models and methods for systems containing wind power and energy storage. 
The analytical techniques presented in previous section have been well developed for 
power systems with conventional generating units. The analytical techniques can not 
easily consider the chronology of the random events, and the correlation between the 
load, the wind power and the storage charging/discharging condition, which are 
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important in reliability assessment. Stochastic simulation, on the other hand, is a 
practical technique for systems that contain a large number of time dependent random 
variables.   
 
The main disadvantage of the simulation methods is that the computation time 
involved in the simulation is usually extensive. The rapid development of computer 
technology has made this much less of a problem in recent years.  
 
Stochastic simulation methods used in power system reliability evaluation are 
commonly known as Monte Carlo simulation. They can be broadly classified into one of 
two categories, namely state sampling and sequential methods [18]. 
 
2.3.2.1 State Sampling Method 
 
The state sampling method uses random selection of time intervals to simulate 
the system operation. In each simulation interval, the status of each generating unit can 
be described by a uniform distribution between [0, 1], and the system available capacity 
can be obtained by summing the individual capacity of each available generating unit. 
Another uniform random number is generated to determine the system load level using 
the DPLVC or LDC. The total available system capacity is compared with the system 
load to determine the occurrence of a loss of load situation. The simulation process 
continues until a specified stopping rule indicates that the simulation has successfully 
converged.  
 
The simulation process does not move chronologically in the non-sequential state 
sampling method, and the system behavior at each time interval is considered to be 
independent. The proper adoption of a non-sequential or sequential approach depends on 
whether one basic interval has an effect on the next interval, and whether the effect has 
 31 
 
 
an impact on the reliability indices being evaluated. 
 
It is important to recognize the chronology of events when evaluating a power 
system that includes non-conventional generation such as wind power and energy 
storage facilities, which are time dependent and correlated. The state sampling method is, 
therefore, not suitable for the evaluation of these types of system. The sequential 
simulation approach that recognizes the chronology of events in time is therefore used in 
the research described in this thesis. 
 
2.3.2.2 Sequential Monte Carlo Simulation Method 
 
The sequential MCS approach simulates the basic intervals in chronological or 
sequential order, recognizing the fact that the system state in a give time interval is 
correlated with that in the previous and the following time intervals. In this approach, 
the system capacity model is the available generating capacity obtained by combining 
the operating history of each generating unit. Uniform random numbers generated by a 
random number generator are utilized to simulate the operating states and their durations 
for each generating unit in the system. The system capacity model is then superimposed 
on the chronological load model to form the system risk model. 
 
The main parameters used to create an operational history for each individual unit 
are usually the generating unit MTTF and MTTR [1]. These parameters can be used in 
conjunction with random numbers between [0, 1] to produce a state history consisting of a 
series of random up and down times called state residence times for each generating unit 
in the system. The state residence time is sampled from its probability distribution. In this 
thesis, the relevant distributions are assumed to be exponential. The operating history of a 
generating unit modeled as a two-state unit is shown in Figure 2.10. 
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If the state residence time is represented by an exponentially distributed random 
variable t, the corresponding probability density function is given by (2.12) [18], 
 
xtxetf −=)(                                                     (2.12) 
 
where x is the reciprocal of the mean value of the distribution. The cumulative 
probability distribution function is given by (2.13). 
 
xtetF −−= 1)(                                                   (2.13) 
 
The inverse transform method [18] is utilized and the random variable t can be 
obtained using (2.14). 
 
)1ln(1 u
x
t −−=                                                  (2.14) 
 
where u is a uniformly distributed random number between [0, 1]. Since 1-u is 
distributed uniformly in the same way as u in the interval [0, 1], the random variable t 
can be obtained using (2.15). 
 
)ln(1 u
x
t −=                                                     (2.15) 
 
The variable x in (2.15) is the failure rate (λ) of the generating unit when it is in the 
up state, and the repair rate (μ) in the down state when the two-state model shown in 
Figure 2.3 is considered. 
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The basic overall sequential simulation methodology for reliability evaluation of 
generating systems can be briefly described in the following five steps:  
 
Step 1: Specify the initial state of each generating unit. Generally, it is assumed 
that all units are initially in the success or the “up” state.  
 
Step 2: Generate the operating history for each generating unit. The operating 
history of each unit is in the form of chronological up-down-up operating cycles. The 
duration in each state is calculated using (2.15). This step is illustrated in Figure 2.10. 
 
Step 3: Obtain the system available capacity by combining the operating cycles of 
all the generating units in the system. The chronological state transition processes for a 
sample generating system with two units are shown in Figure 2.11. 
 
Step 4: Superimpose the system available capacity obtained in Step 3 on the 
chronological load model to construct the system available margin model. This step is 
illustrated in Figure 2.12. 
 
Step 5: Estimate the desired reliability indices by observing the margin model 
constructed in Step 4 over a long time period. 
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Figure 2.10: Operating history of a conventional generating unit. 
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Figure 2.11: Operating history of individual generating units and the capacity states of 
an entire system. 
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The load model in sequential MCS is usually a chronological hourly load model, 
which is shown in Figure 2.7. The load is usually modeled in one hour time steps, 
although smaller steps can be used. The desired adequacy indices can be determined from 
the risk model obtained by superimposing the generation model on the load models as 
shown in Figure 2.12. This model provides the chronological variation of the system 
reserve margin. The available margin at a specific point in time is the difference between 
the available capacity and the load at that instance. A negative margin indicates that an 
outage has occurred.  
 
Normally the time reference in a sequential Monte Carlo simulation is a year, and 
most indices are therefore annual indices. The total number of load curtailments, the loss 
of load duration and the energy not supplied at each load curtailment are recorded during 
the simulation. This is illustrated in Figure 2.12. The LOLE, LOEE and the LOLF can 
then be calculated using (2.16 – 2.18). 
 
 
Figure 2.12: Superimposition of capacity states and the chronological load model. 
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Estimates of the reliability indices for a number of sample years (N) can be 
obtained using the following equations. 
 
(1) Loss of load expectation (hours/year) 
 
∑
=
=
n
i
itN
LOLE
1
1
                                                   (2.16) 
 
where: 
ti = loss of load duration in load curtailment i. 
N = total number of simulated years. 
n = number of load curtailments. 
 
(2) Loss of energy expectation (MWh/year) 
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                                                   (2.17) 
where  
ei = energy not supplied in load curtailment i. 
 
(3) Loss of load frequency (Occs/year) 
 
N
nLOLF =                                                        (2.18) 
 
The LOLE, LOEE, and LOLF indices provide an overall indication of the ability 
of the generating system to satisfy the total system load. Other indices [18], such as the 
expected duration of interruptions and the expected loss of energy of interruptions, can 
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also be calculated if required. 
 
2.3.2.3 Simulation Convergence 
 
MCS is a fluctuating convergence process. As the simulation continues, the 
estimated indices will approach their “real” values. The simulation should be terminated 
when the estimated reliability indices obtain a specified degree of confidence. The 
objective of a stopping rule or a convergence criterion is to provide a compromise 
between the accuracy and the computation time [18]. 
 
The coefficient of variation is generally used as the convergence criterion in 
MCS. The coefficient of variation of an index is defined as  
 
)(/ xEσα =                                                        (2.19) 
 
where E(x) is the estimated expected value of the index, and σ is the standard deviation 
of the estimated expectation. The mathematical expressions for E(x) and σ are shown in 
(2.20) and (2.21). 
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where, 
xi = observed value of x in year i. 
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N= total number of simulated years. 
 
The stopping rule applied in the studies presented in this thesis uses the 
coefficient of variation of the LOEE index. The simulation pauses at a specified number 
of sample years, and the coefficient of variation α is checked to see it is within the 
acceptable tolerance. The simulation process is terminated when α<ε, where ε is the 
maximum error allowed. 
 
Not all indices converge at the same rate. A number of studies [18] indicate that 
the coefficient of variation for the LOEE index has the lowest convergence speed 
compared to other indices, and therefore, is taken as the base index to check for 
convergence in this study. Figure 2.13 shows the convergence process of the LOEE 
index for the IEEE-RTS. 
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Figure 2.13: Convergence of the LOEE. 
 
Figure 2.13 shows that the system LOEE index greatly fluctuates at the 
beginning of the simulation, and becomes more stable as the number of simulated yearly 
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samples is increased.  
 
A random number generator requires an initial seed. The effect of the initial seed 
on the convergence of the reliability index LOEE is shown in Figure 2.14. It is shown in 
Figure 2.14 that the fluctuations in the results generated by different random number 
seeds can eventually stabilize at different values. A good seed can drive the simulation to 
converge quickly at the correct value, and a bad seed can lead to non-convergence. In 
this thesis, simulation results using different initial seeds are compared with the standard 
analytical results for conventional systems such as the RBTS [46] and the IEEE-RTS. In 
this way, a suitable seed is chosen for the simulation studies presented later in this thesis.    
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Figure 2.14: Convergence with different initial seeds. 
 
2.4 Summary 
 
The basic models and techniques for generating system adequacy evaluation are 
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briefly described in this chapter.  
 
There are two broad categories of adequacy evaluation methods used in power 
system planning: the deterministic methods and the probabilistic methods. Although 
deterministic methods are easy to apply, they cannot recognize the random system 
behavior, and therefore, cannot provide a consistent measure of system risk. 
Probabilistic methods have therefore replaced deterministic methods in adequacy 
evaluation at the HL-I level. There are a large number of random variables and 
uncertainties associated with wind power and energy storage, and probabilistic methods 
are required for adequacy evaluation of these types of system. 
 
The different generation models, load models and risk models that are used in 
basic probabilistic methods for HL-I adequacy evaluation are described. Probabilistic 
methods include direct analytical techniques and MCS techniques. The evaluation 
methodologies for both techniques are described. There are advantages and 
disadvantages in both techniques and the right technique should be chosen for a 
particular application. The sequential MCS method can recognize the chronology and 
the correlation between subsequent events, which is very important in the assessment of 
power systems with wind energy and energy storage. This method is therefore used in 
the research described in the following chapters. The two widely used probabilistic 
reliability indices LOLE and the LOEE are discussed in detailed and are used in the 
following chapters in this thesis.  
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3. MODELS FOR ADEQUACY ASSESSMENT OF GENERATING 
SYSTEMS INCLUDING WIND POWER AND ENERGY STORAGE 
 
3.1 Introduction 
 
Enhanced public awareness of the environment has led to widespread wind 
power growth in order to reduce greenhouse gas emissions and natural habitat 
disturbances associated with conventional energy generation. As noted earlier, many 
countries have implemented or are in the process of implementing policies to promote 
renewable energy. Large scale integration of wind power in an electric grid may result in 
large power fluctuations due to the intermittence of wind speed, and result in a high risk 
in providing a continuous power supply. This risk can be reduced by storing wind energy 
and using it during low wind or no wind periods. The amount of wind energy that can be 
utilized by an electric power system can be greatly limited if the available conventional 
units are not able to respond quickly to the changes created by wind power fluctuations. 
Hydro power stations with reservoirs have the ability to change the generated power 
output quickly and also act as energy storage facilities. 
 
The development of suitable modeling techniques and methodologies for 
reliability evaluation of power systems including wind power and energy storage 
facilities become more important as wind power penetration in traditional power systems 
continues to increase significantly. Both analytical and simulation methods have been 
utilized in adequacy assessment of power systems containing wind power and energy 
storage. A realistic evaluation approach should be able to recognize the chronological 
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variation in wind speed and its influence on the power system performance. Sequential 
Monte Carlo simulation is used in this research to incorporate such considerations in an 
adequacy assessment of a generating system including wind energy and energy storage. 
The simulation technique is based on using hourly random events to mimic the 
operational history of a generating system, taking account of the failure and repair 
characteristics of the generating units in the system, and the chronological nature and 
state of wind speeds and energy storage.  
 
Time Series Auto-Regressive and Moving Average (ARMA) models for different 
wind regimes are presented and utilized to simulate the hourly wind speed. The power 
output from a WTG unit is simulated using a relationship between the power output and 
the simulated wind speed. A time series energy storage model considering its 
charging/discharging characteristics is developed, and an operating strategy for wind 
farms and energy storage is presented. Models for energy limited hydro units and 
coordination strategy between wind power and hydro units are also introduced in this 
chapter. 
 
3.2 Models for Wind Energy Conversion Systems 
 
The methodology for modeling WECS includes two parts: wind speed data 
simulation, and WECS power generation model derivation. The first part recognizes the 
random variation of the wind. This randomness must be included in an appropriate 
model to reflect the chronological and auto-correlation characteristics at a particular 
geographic location. The second step considers the non-linear relationship between the 
WTG power output and the wind velocity. This relationship can be determined using the 
WTG operational parameters and power curve modeling techniques.  
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 3.2.1 Wind Speed Model 
 
The sequential simulation of WECS involves the generation of hourly wind 
speed over a sufficiently long period of time for a given site. The wind speed varies in 
time and by site, and at a specific hour is related to the wind speeds of previous hours. 
The simulation of wind speed has been the subject of a number of publications [9, 47, 
48], and is used to study the performance, planning and reliability of WECS or mixed 
power systems containing wind energy. Wind speed modeled as a random variable with 
a Weibull distribution, and a simple auto-regressive (AR) model is presented in [48] for 
simulating the main statistical characteristics of wind speed. These models, however, 
underestimate the high-order auto-correlation of the wind speed, and are therefore 
considered to be incomplete and inadequate to represent the wind resources [9].  
 
It has been shown that any stationary stochastic system can be approximated as 
closely as required by an ARMA model of order (n, n-1) [49].  Reference [9] provides 
an approach for fitting time series wind speed models. Time series ARMA wind speed 
models developed using this approach can reproduce the high-order auto-correlation, the 
seasonal and diurnal distribution of the actual wind speed and therefore can be used in 
reliability studies of power systems including WECS [9]. 
 
Wind speeds for a selected wind farm site are simulated using a site-specific 
ARMA model, which is mathematically expressed in (3.1).  
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yt is the time series value at time t, φi (i = 1,2,3…n) and θj (j=1,2,3…. n-1) are 
the auto regressive and moving average parameters of the model respectively. αt is a 
normal white noise process with zero mean and a variance of σa2 (i.e. αt∈NID (0, σa2), 
where NID denotes Normally Independently Distributed). A nonlinear least square 
method is used to estimate the values of n, φi, θj  and σa2 for the ARMA (n, n-1) [50]. αt 
is recursively calculated from initial guess values of each parameter and the known 
values as described in [50]. The sum of squares of αt’s is calculated, and the least 
square method is used to minimize the residual sum of the squares. Using the Marquart 
procedure [49], a point in the parameter space giving the smaller sum of squares of αt’s 
will be reached. It starts a new iteration with this point as initial values, and the 
iterations are continued until specified tolerances are reached. 
ty
 
Historical hourly wind speed data collected over 15 years by Environment 
Canada for two different sites: Swift Current and North Battleford in the Province of 
Saskatchewan, Canada are used to obtain the respective ARMA models. The data was 
recorded at a height of 10m. Swift Current has an average wind speed of 20 km/hour and 
lies in the southern part of the province. It is home to one of the large wind farms in 
Canada. North Battleford lies to the north and has a relatively poor wind resource. The 
average wind speed at this site is 15 km/hour. The time series wind speed ARMA models 
[9, 13] for the Swift Current and North Battleford locations are shown in (3.2) and (3.3) 
respectively.  
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The wind speed SWt at any given time t for the two sites can be simulated using 
(3.4). 
 
tttt ySW ⋅+= σμ                                                            (3.4) 
 
where μt and σt are the historical hourly mean wind speed and the standard 
deviation of wind speed respectively for the wind sites. Figure 3.1 and Figure 3.2 show 
the μt and σt for 8760 hours in a year for the Swift Current wind site. Figure 3.3 and 
Figure 3.4 show the μt and σt for 8760 hours in a year for the North Battleford wind site. 
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Figure 3.1: Hourly average wind speed for the Swift Current wind site. 
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Figure 3.2: Hourly standard deviation of wind speed for the Swift Current wind site. 
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Figure 3.3: Hourly average wind speed for the North Battleford wind site. 
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Figure 3.4: Hourly standard deviation of wind speed for the North Battleford wind site. 
 
Figure 3.5 to 3.7 show the simulated hourly wind speeds for a day, a month and a 
year respectively for Swift Current. It can be seen from these figures that the hourly 
wind speeds are distributed around the average value of 20 km/hour. The time series 
ARMA models expressed in (3.2) and (3.3) provide a valid representation of the wind 
regime, which includes the correlation between the wind speeds of successive hours. The 
ARMA model, the known historical mean wind speed and standard deviation of wind 
speed data for a particular geographic location can be used to simulate wind speeds at 
the location. 
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Figure 3.5: Simulated wind speed for the Swift Current site for a sample day. 
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Figure 3.6: Simulated wind speed for the Swift Current site for a sample month. 
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Figure 3.7: Simulated wind speed for the Swift Current site for a sample year. 
 
3.2.2 Wind Turbine Generator Model 
 
The power output characteristics of WTG are quite different from those of 
conventional generating units. Conventional generating units are capable of producing 
their rated power outputs at all times except when they undergo partial or complete 
failures. The performance characteristics and the efficiency of the generator affect the 
electric power output of a WTG in the up state. The wind speed characteristics, however, 
have a major impact on the power output. There is a non-linear relationship between the 
power output of the WTG and the wind speed as shown by the “Power Curve” in Fig. 
3.8. This relationship is described by the operational parameters of the WTG. The 
important parameters are the cut-in wind speed, the rated wind speed, and the cut-out 
wind speed. A WTG starts to generate power at the cut-in wind speed. It generates its 
rated power when the wind speed is between the rated wind speed and the cut-out wind 
speed. WTG units are shut down for safety reasons when the wind speed reaches the 
cut-out wind speed. The power curve is expressed mathematically by (3.5) [10], which 
can be used to obtain the hourly power output of a WTG from the simulated hourly wind 
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speed. 
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Where Pr, Vci, Vr  and Vco are the rated power output, the cut-in wind speed, the rated 
wind speed and the cut-out wind speed of the WTG respectively. The constants A, B, C 
are determined by Vci, and Vr as expressed in (3.6) [10]. 
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The cut-in, rated and cut-out wind speed values used in the studies are 14.4, 36, 
and 80 km/hour respectively [51]. The constants A, B, C for this wind turbine are 0.0311, 
-0.0215 and 0.0013 respectively. The wind farm considered in the studies consists of 
identical WTG units, each having a rated power output of 1 MW. Each WTG is exposed 
to the same wind regime characterized by the geographic location, and provides the 
same power output within an hourly interval. System simulations for long term adequacy 
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studies are generally done using hourly time intervals. Wind variations within the 
interval are not considered. The power outputs of the individual WTG are aggregated to 
obtain the total wind farm power output at each time interval. 
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Figure 3.8: Power curve of a typical WTG unit. 
 
Figures 3.9 and 3.10 show the hourly power output from a wind farm with the 
Swift Current wind regime for a sample month and year respectively. The wind farm has 
an installed capacity of 300 MW. The wind power output shown in these figures varies 
greatly from hour to hour.  
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Figure 3.9: Power output from a wind farm in a sample month. 
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Figure 3.10: Power output from a wind farm in a sample year. 
 
Figure 3.11 shows the probability distribution of the power output from the Swift 
Current wind farm. The vertical line shows the expected power output, which is 
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approximately 0.2 p.u. of the rated wind farm output. 
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 Figure 3.11: Probability distribution of the simulated wind power generation. 
 
3.3 Reliability Evaluation Model for Generating Systems Including Wind 
Power and Energy Storage 
 
Wind penetration expressed as the ratio of the installed wind capacity relative to 
the system generation capacity in many power systems around the world is rapidly 
increasing. Many large wind farms have been integrated in power grids in recent years. 
The power output from WTG units usually fluctuates randomly, and therefore, cannot be 
counted on to continuously satisfy the system load. Although wind power output at any 
time is not controllable, the power output from a wind farm can be utilized when needed 
if energy storage is available. 
 
There are different types of energy storage technologies that can be utilized in 
power systems to attain improved system performance. Flywheels, superconducting 
coils, compressed air, deep cycle lead-acid batteries, and pumped storage are some 
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examples that provide storage capability of different magnitudes, response rates and time 
scales. New battery technologies, such as the Vanadium Redox Battery (VRB) [39], are 
being considered and successfully tested for large scale on-grid applications of wind 
energy. It is important to investigate the possible impacts of energy storage on the 
reliability of relatively large systems that include significant amounts of wind power 
capacity. 
 
The basic system model for generating system including wind power and energy 
storage is shown in Figure 3.12. This model has also been used by other researchers using 
simulation techniques [32]. The model has been extended in this research work to include 
the system operating constraints imposed by the chronology of the various system events, 
the charging and discharging characteristics of the storage facility, generator loading 
order and the wind power dispatch restriction for system stability. These effects have been 
incorporated in the simulation process. The storage facility in this model is controlled 
either by the power system operator or an independent system operator in a de-regulated 
structure. The stored energy is used to serve the system load when the total system 
generation fails to meet the system load. Excess energy from the entire generating system 
is then used to bring the storage facility to a fully charged condition in this model. 
 
The basic purpose of adding energy storage to a wind-conventional generating 
system is to smooth out the power fluctuations from the WTG units. It is not normally 
practical to store energy from conventional units for future use. A modified system model 
for a wind-conventional generating system including energy storage is shown in Figure 
3.13. In this case, only energy generated by WTG units is stored for future use. The energy 
storage facility in this model is located at the wind farm site and is connected to the system 
through a transmission line. The storage facility in this model can be under the control of 
either the wind farm owner or the system operator. 
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Conventional Generating System 
Wind Turbine Generators 
Energy Storage 
System Load 
 
Figure 3.12: Basic model for a wind-conventional generating system including energy 
storage. 
 
  When wind penetrations are relatively low and have insignificant impact on 
the system performance, wind power has priority in serving the system load. In such 
situations, all the power generated from the wind farm can be absorbed by the system. 
The ability of a power system to absorb wind energy is reduced due to stability concerns 
as the wind penetration increases. Power systems can become unstable if a large share of 
the system load at any instant is served by the wind. A wind power dispatch restriction 
(Xw) which is a certain percentage of the system load is imposed.  
 
The hourly wind energy dispatch is restricted to Xw% of the hourly system load, 
and the surplus wind energy above Xw% of the system load is available for storage. When 
the sum of the wind power and the conventional power is insufficient to meet the system 
load, the stored energy is used to supplement the generated energy and supply the system 
load. 
 
The procedure involved in the simulation process in order to determine the status 
of the energy storage, the power output from energy storage and the reliability index 
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calculations are described in the following four steps: 
 
Conventional Generating System 
System Load 
Energy Storage 
Wind Turbine Generators 
 
Figure 3.13: Realistic model for a wind-conventional generating system including energy 
storage. 
 
Step 1: Determine the power output time series {TGwi; i=1,2, ……, T }from a 
wind farm using an ARMA wind speed model for the selected wind regime and the 
power curve. Calculate the power output time series {TGci; i=1,2,……, T} for the 
conventional generating units. 
 
Step 2: Determine the amount of wind power that can be used to supply the 
system load directly, and the amount of wind power that is available to be stored in the 
energy storage. In the simulation process, the surplus wind generation time series {SGwi; 
i=1,2, ……, T} and the surplus conventional generation time series {SGci; i=1,2,……, T} 
can be obtained using (3.7) and (3.8). It should be noted that the surplus generation SG 
can be either positive or negative values. 
 
SGwi = TGwi – Xw% * Li                                                (3.7) 
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SGci = TGci – (1-Xw%)* Li                                              (3.8) 
 
The energy storage time series {ESi; i=1, 2, ……, T}, and the energy discharged 
from the energy storage time series {TGei; i=1, 2, ……, T} can be obtained using (3.9) 
and (3.10) respectively. 
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where ESi has maximum (ESM) and minimum (ESm) storage limitations. {Li; i=1, 
2, ……, T} is the system load time series. {ti, i=1,…, T, where ti is the ith time interval and 
T is the number of time intervals in a year}is a time interval series in a simulated year. In 
general, ti = 1 hour and T=8736, and these values are used in the work presented in this 
thesis. The minimum energy storage capacity is taken as 20% of its rated capacity for the 
selected type of storage facility. A linear charging and discharging rate is considered in 
this model using a 5-hour charging and discharging period. The maximum energy charged 
and discharged from the energy storage is (ESM - ESm)/5×ΔT in a simulation time interval 
ΔT.  
 
Step 4: Compare the sum of the wind power, the conventional power, and the 
power output from energy storage with the system load. The Loss of Load (LOLi), Loss 
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of Energy (LOEi) can be calculated by using (3.11) and (3.12). 
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The reliability indices LOLE and LOEE for a number of sample years (N) can be 
obtained using (3.13) and (3.14) respectively.  
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3.4 Models for Energy Limited Hydro Plants 
 
Models for energy limited hydro units are presented in this section in order to 
investigate the reliability benefit from wind power in coordination with hydro units. 
Hydro units have the ability to quickly adjust their power output in response to system 
conditions and operating constraints. The IEEE Subcommittee on the Application of 
Probability Methods proposed a four-state model for peaking units [42]. The four-state 
model from the IEEE is utilized to represent a hydro unit. Energy limitations of hydro 
units are also considered in the model development in this research work. The simulation 
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process used to consider peaking hydro units in reliability evaluation is described in 
Section 3.4.1. Models for the hydro reservoir, hydro generating units, and water in-flow 
are presented in Section 3.4.2. 
 
3.4.1 Peaking Unit Model 
 
Reference [40] presents a hydro-thermal Reliability Test System (HT-RTS) 
obtained by modifying the IEEE-RTS in which six 50 MW generating units are 
considered as hydro units sharing a common reservoir. In the HT-RTS, all the generating 
units are regarded as base-loaded units. Base loaded units have relatively long operating 
cycles, and are represented by the conventional two-state model [1] shown in Figure 2.3. 
Base loaded hydro units are not be started or stopped in response to variations in the 
system conditions. In the following studies, a specified number of hydro units in the 
HT-RTS are modeled as peaking units using the IEEE four-state model shown in Figure 
2.5. The model is extended to incorporate energy limitations imposed by the reservoir 
characteristics.  
 
It is assumed that the peaking loaded units can be started and stopped an 
unlimited number of times, and they can be quickly started and shut down. The steps to 
determining the status of peaking units during the simulation are as follows: 
 
Step 1: Calculate the total available capacity from the base loaded units for a 
simulated year.  
 
Step 2: Superimpose the total capacity generated by the base loaded units on the 
chronological system load. 
 
Step 3: Determine how many peaking load units in the reserve shut down state 
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need to be started, or how many peaking load units in the service state need to be shut 
down at the beginning of each hour.  
 
Step 4: Calculate the in-service duration for the successfully started peaking units 
and the forced out duration for the unsuccessfully started peaking units. 
 
Step 5: Obtain the total capacity margin by superimposing the total system 
capacity generated by both the base load units and the peaking load units on the 
chronological load. 
 
Step 6: Determine the state of each peaking unit in each hour considering the 
system loss of load situation.  
 
The algorithm for the simulation process of generating systems including base 
loaded units and peaking loaded units are shown in Figure 3.14.  
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Base loaded units capacity < System load
Base loaded units capacity + capacity of 
peaking units in Service State < System load 
Determine the peaking units in Reserve 
Shutdown State need to be started. 
Calculate the in-service duration for the successfully started 
peaking units and the forced out duration for the unsuccessfully 
started peaking units.
Base loaded units capacity + capacity of
peaking units in Service State + capacity of
peaking units just started < System load 
No Loss of load, and 
continue to the next 
hour. 
Record the LOLi and  LOEi, 
and continue to the next hour. 
Determine the peaking 
units in Service State 
need to be shut down. 
Yes 
Yes 
Yes 
No 
No 
No 
Calculate the power output from base 
loaded units. 
 
Figure 3.14: Simulation process for a generating system including base-loaded units and 
peaking units. 
 
3.4.2 Energy Limited Hydro Unit Model 
 
Hydro units are modeled using the 4-state model, and energy limitation is 
incorporated in the model development. The status of the hydro units in each simulated 
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hour is determined using the method described in Section 3.4.1. After determining the 
status of the hydro units, the power output from the hydro units in State 1 in Figure 2.5 is 
determined by the water conditions in the reservoir. 
 
The potential energy in the water stored in a reservoir is transformed into electrical 
energy by means of hydro turbines and generators. The input energy is associated with 
water in-flow to the reservoir, and the output energy with the electricity generation. The 
water in-flow mainly comes from rainfall, which depends on the weather conditions.  
Three types of weather conditions in a year are considered: wet, dry, and normal. Each 
type of weather condition has the same probability to be encountered, and it is randomly 
chosen during a simulation. It is assumed that the water in-flow (Zj, j=1,…, 13) has a 
normal distribution, and the value of Zj is obtained using the Box and Muller method [52]. 
In this study, a year is divided into 13 periods, and each period consists of 672 hours with 
the same weather condition. The mean values of the water in-flow data in each period are 
shown in Table 3.1, and the standard deviation is 5% of the corresponding mean value.  
 
Table 3.1: Mean value of water in-flow 
Period Wet (Mm3) 
Dry 
(Mm3) 
Normal 
(Mm3) 
1 20.5 12.0 12.5 
2 34.0 14.5 19.5 
3 46.0 23.5 30.0 
4 57.0 29.0 42.0 
5 31.0 14.0 20.0 
6 24.0 11.0 16.0 
7 18.0 8.0 12.0 
8 12.0 5.0 8.0 
9 12.0 5.0 8.0 
10 12.0 4.0 7.0 
11 18.0 8.0 10.0 
12 18.0 10.0 16.0 
13 28.0 12.0 18.0 
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The hourly water in-flow (Ii, i=1, …, 8736) into the reservoir can be obtained 
using (3.15). 
 
672/ji ZI =                                                                   (3.15) 
 
The water spilled (Si) and water volume of the reservoir (Vi) in the i th hour are 
calculated at the beginning of this hour using (3.16) to (3.18):  
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Where:  
Vpi is volume of the reservoir at i th hour before the spillage of extra water. 
Vmax is the maximum reservoir volume. 
Ri-1 is the water utilized to generate electricity during (i-1) th hour. 
Si is the water spilled during i th hour.  
 
The net head Hi of the hydro plant at hour i is then calculated using the following 
approximate equation (3.19) when Vi is greater than the minimum reservoir volume 
(Vmin): 
 
2
iii HaHbcV ⋅+⋅+=                                                             (3.19) 
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 Where: a,b,and c are model coefficients. 
 
Peaking hydro units are not in service when the power output from other 
generating units in the system, such as WTG and thermal units, is sufficient to meet the 
system load. In this condition, water can be stored in the reservoir. If the power output 
from other generating units is inadequate, an appropriate number (ka) of hydro units must 
be run to supply the load. The power output from a hydro unit (Phi) can be obtained using 
(3.20) and (3.21). 
 
610/QsHgP ihi β=                                                                (3.20) 
 
igHGQ 2=                                                                      (3.21) 
 
Where:  
g is gravitational constant in m/sec2.  
β is overall efficiency of the hydro plant. 
Q is turbine discharge rate in m3/sec.  
s is specific weight of water in 103 kg/m3. 
G is opening area of the guide for each hydro turbine in m2.  
 
The water utilized in the i th hour (Ri) can be calculated using (3.22). 
 
QkR ai 3600=                                                                    (3.22) 
 
The basic data for the hydro plant and the constraints on the hydro generating units 
are shown in Table 3.2. 
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 Table 3.2: Hydro plant data 
Number of hydro units: 6 
Plant efficiency: 0.8 p.u. 
Maximum water head (m): 180 
a 0.00241 
b 0.111 Reservoir coefficients:
c 2 
Maximum water volume (Mm3): 100 
Minimum water volume (Mm3): 5 
Initial water volume (Mm3): 80 
Maximum discharge rate (m3/sec): 53 
Minimum discharge rate (m3/sec): 10.6 
Maximum flow area (m2): 1.1 
 
3.5 Coordination between Wind Power and Hydro Units 
 
The reliability evaluation models for a wind farm and an energy limited hydro 
plant are introduced in Section 3.2 and 3.4 respectively. The detailed simulation process 
incorporating the coordination between wind and hydro plants is presented in this 
section. The simulation process for each hour is shown in Figure 3.15. 
 
The method presented considers energy limitations in the hydro reservoir while 
representing hydro units by the four-state model. Some of the hydro units are assigned to 
coordinate with wind power to offset the power imbalance due to wind fluctuation, and 
the rest are assigned as peaking units. The model developed for energy limited peaking 
hydro units are also used to represent hydro units that are assigned to operate in 
 66 
 
 
coordination with wind power variations. An interactive generation model is developed 
by incorporating a coordination criterion to determine the wind power output level at 
which a balance is maintained with the support of hydro units. The coordination criterion 
is taken to be equal to the long term average power output of the wind farm and is 
expressed in per unit of the rated wind farm capacity. This value is approximately 0.2 for 
the Swift Current wind farm. If the power output from the wind farm is less than the 
coordination criterion, the hydro units assigned to coordinate with wind power are started 
to provide the required support. These hydro units are stopped when the power output 
from the wind farm is equal to or greater than the coordination criterion. 
 
The simulation process and the calculation of the reliability indices are described 
in the following steps: 
 
Step 1: Determine the power output time series {Pwi; i=1, 2, ……, 8736}from the 
wind farm using the ARMA wind speed model for the selected wind regime and the power 
curve technique. 
 
Step 2: Calculate the power output time series {Pbi; i=1, 2, ……, 8736}from the 
conventional generating units represented by the two-state model. 
 
Step 3: The number of hydro units required to coordinate with wind power is k, 
where k ≤ M. M is the total number of hydro units. The coordination criterion (F) is a 
percentage of the rated wind farm capacity (Cw). As hydro units can be on forced outage, 
the number of hydro units (kw) that can be brought in the “In service” state in a time 
interval is less than or equal to k. If Pwi < F*Cw, all the hydro units that are assigned to 
coordinate with wind power are required to provide their support. If Pwi ≥ F*Cw, no 
support from the hydro units is required. The relation between k and kw is shown in (3.23). 
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The power output from a hydro unit that is coordinated with wind power (Phwi) is 
calculated using (3.24). 
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Step 4: After determining the number of hydro units required to coordinate with 
wind power and their total power output, the number of peaking hydro units (kp) and their 
power output (Phpi) is calculated.  
 
The relation between kp and kw is shown in (3.25). It should be noted that the hydro 
units that are assigned to coordinate with wind power are still available to reduce the loss 
of load when Pwi ≥ F*Cw.  
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The power output from a peaking hydro unit Phpi is calculated using (3.26), and the 
upper bound for Phpi is shown in (3.27), since the limited water needs to be saved for future 
usage. 
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After calculating the power output from the wind farm, the base units and the 
hydro units during each time interval, the total system power output (Pgi) is calculated 
using (3.28).  
 
hpipbihwiwwigi PkPPkPP ×++×+=                                                  (3.28) 
 
Step 5: Pgi is compared with the system load (Pli) for each time interval to 
determine if a loss of load situation exists. The Loss of Load (LOLi), Loss of Energy 
(LOEi), and Loss of Load Occurrence (LOLOi) is computed using (3.29), (3.30), and 
(3.31) respectively.  
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The reliability indices LOLE, LOEE, LOLF, Average Water used to produce 
Electricity (AWE), Average Water Spilled (AWS), and Average Volume of reservoir 
(AVolume) for a number of sample years (N) can be obtained using (3.32) to (3.37) 
respectively.  
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Where Ri is the amount of water utilized in each time interval, Si is the amount of 
water spilled in each time interval, and Vi is the volume of the reservoir at the beginning 
of each time interval.   
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Power output from wind farm (Pwi) is determined by 
using time series ARMA model and power techniques. 
Pwi < F*Cw 
Status of hydro units (k) coordinated with wind power is 
determined. kw hydro units are in Service state. (kw ≤ k) 
Pwi + Pbi + kw*Phwi < Pli 
Power output from hydro units not coordinated 
with wind power (Phpi) is determined. 
Pwi + Pbi + kw*Phwi + kp*Phpi< Pli 
Record the LOEi, LOLi, and LOLOi, 
and continues to the next time 
interval. 
Phwi = 0 
kw = 0 
No loss of load happens, 
and continues to the next 
time interval. 
Yes
No 
Yes
Yes
No 
Power output from hydro units coordinated 
with wind power (Phwi) is determined. 
Status of hydro units (M-kw) not coordinated with wind power is 
determined. kp hydro units are in Service state. (kp ≤ M-kw)
No 
Power out from base loaded units 
(Pbi) for each hour is calculated.
 
Figure 3.15: Simulation process for a generating system considering the coordination 
between energy limited hydro units and wind power. 
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3.6 Performance Indices Associated with Reliability Evaluation of Generating 
Systems Including Wind Power and Energy Storage 
 
The reliability indices reflect the overall system reliability performance, whereas, 
the energy indices reflect the wind energy utilization and water utilization in the studies 
described in this thesis. These indices can be grouped into the following categories. 
 
1. Conventional reliability indices 
 
The conventional reliability indices are the most widely used indices in capacity 
adequacy evaluation of large generating systems. These indices include: 
 
Loss of load Expectation (LOLE) in hours/year 
Loss of Energy Expectation (LOEE) in MWh/year 
Loss of Load Frequency (LOLF) in occs/year 
 
2. Indices associated with wind power and energy storage 
 
Expected Wind Energy Utilized (EWEU) in MWh/year: expected amount of 
wind energy that can be directly absorbed by the power system. 
 
Expected Energy Supplied by Wind (EESW) in MWh/year: expected amount of 
wind energy that can be utilized by the power system including the amount of wind 
energy stored in energy storage and utilized in the next hours. 
 
Expected Surplus Wind Energy (ESWE) in MWh/year: expected amount of wind 
energy that can not be directly absorbed by the power system.  
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Expected Wind Energy Stored in the Battery (EWEB) in MWh/year: expected 
amount of wind energy that can not be directly absorbed by the power system and can be 
stored in energy storage.  
 
3. Indices associated with hydro power plant 
 
Average Water used to produce Electricity (AWE) in Mm3/year: average amount 
of water in a year that can be utilized to generate electric power. 
 
Average Water Spilled (AWS) in Mm3/year: average amount of water in a year 
that has to be spilled since there is a maximum limitation of reservoir volume. 
 
Average Water Volume in the reservoir (AVolume) in Mm3: long-term average 
volume of water in a reservoir.  
 
3.7 Summary 
 
The basic models for generating capacity adequacy assessment of power systems 
including wind power and energy storage are presented in this chapter. A sequential 
Monte Carlo simulation technique is applied to generate a synthetic operating history of 
a generating system.  
 
Time series models for wind regimes with different geographic characteristics 
are used to reproduce the high-order auto-correlation, the seasonal and diurnal 
distribution of the actual wind speed. Power output from a WTG unit can be computed 
from the simulated wind speed using the power curve equations.  
 
Large scale integration of wind power in an electric grid can produce large power 
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fluctuations, and result in a high risk in providing a continuous power supply. This risk 
can be reduced by using energy storage. A time series energy storage model is developed 
based on the generation time series and the load time series models. The 
charging/discharging restriction of energy storage is considered in the model 
development. A wind power dispatch restriction is introduced to address system stability 
concerns. The wind energy that can not be directly absorbed by the system is available to 
be stored in energy storage. All the surplus wind energy can not be stored due to the 
charging/discharging constraints and the storage capacity limits. 
 
 Hydro plants with a reservoir have the ability to adjust their power output 
quickly and can act as an energy storage facility. Models for a hydro power plant are 
introduced in this chapter. The hydro units are modeled by incorporating energy 
limitations in the IEEE four-state model. The hydro reservoir model and the water 
in-flow model are introduced. The simulation process for the reliability evaluation of 
generating systems considering coordination between wind power and energy limited 
hydro units is developed and presented.  
 
The system reliability indices, energy storage related indices and hydro 
utilization related indices are presented. The application of the introduced models and 
developed procedures are illustrated in the following chapters.  
 
 
 
 
 
 
 
 
 
 
 
 74 
 
 
 
 
 
 
4. ADEQUACY ASSESSMENT OF GENERATING SYSTEMS 
CONTAINING WIND POWER AND ENERGY STORAGE 
 
4.1 Introduction 
 
Wind energy sources are intermittent in nature. Even at a site with a high wind 
power potential, the wind can blow and stop frequently in a short period of time and can 
be totally absent when it is most needed. It is desirable to use wind energy whenever it is 
available, and therefore, system operators put wind energy sources at the top of the 
priority loading order. At low penetration levels, wind power has insignificant impact on 
the overall system performance, and available wind energy can readily be absorbed by 
the system. The system performance will be greatly influenced by wind power 
fluctuations at relatively high penetration levels. The amount of wind energy that can be 
absorbed by an electric power system at a particular time can be greatly limited if the 
available conventional units are not able to respond quickly to the changes created by 
wind power fluctuations. In order to maintain the system stability, wind energy dispatch 
is usually restricted. Although wind power output at any time is not controllable, it can 
be made available when needed if the wind energy can be stored in an energy storage 
facility.  
 
Chapter 3 presents an energy storage model developed in this work that can 
include the energy storage operating constraints for reliability evaluation using the MCS 
method. The presented model of energy storage is utilized in this chapter to conduct a 
series of studies. Due to the stability constraints of a power system, a wind power 
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dispatch restriction is applied, and the reliability benefit from wind power and energy 
storage is evaluated. Possible strategies of wind farm operation and energy storage are 
presented and compared by evaluating the reliability benefit from energy storage and the 
amount of wind energy that can be stored.  
 
The studies are conducted by adding wind power and energy storage facilities to 
a small test system known as the Roy Billinton Test System (RBTS) [46]. The results 
from a wide range of studies considering variations in key factors, such as wind farm 
location, wind penetration level, energy storage capacity, energy storage operating 
constraints, and wind energy dispatch restrictions are also presented. An acceptable 
operating strategy for wind farm and energy storage for system operators and wind farm 
owners is illustrated, and valuable information is provided. 
 
4.2 Reliability Test System 
 
The RBTS is a basic reliability test system developed at the University of 
Saskatchewan for educational and research purposes. The RBTS has an installed 
capacity of 240 MW from 11 conventional generating units. The single line diagram for 
the RBTS is shown in Figure 4.1. The detailed reliability data for the generating units in 
the test system is shown in Appendix B. The chronological hourly load model shown in 
Figure 2.7 is utilized, and the system peak load is 185 MW.  
 
The LOLE is the most widely used generating system reliability index, and the 
LOEE is an energy based index that provides useful information on the amount of energy 
curtailed. The LOLE and LOEE indices for the RBTS generating system are 1.09 
hours/year, and 9.7 MWh/year respectively.  
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Figure 4.1: Single line diagram of the RBTS. 
 
4.3 Impact of Wind Penetration on Wind Energy Utilization and System 
Reliability 
 
The first study examines the effects of increasing wind penetration on the 
adequacy of a power system. Different amounts of wind capacity are added to the RBTS, 
and the resulting system LOLE and LOEE evaluated. Wind data from two different 
geographic locations, Swift Current and North Battleford, are used. 
 
Figure 4.2 and Figure 4.3 show the relationship between the wind capacity added 
and the resulting system LOLE and LOEE respectively. The upper curve in Figure 4.2 is 
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obtained when the wind farm has the North Battleford wind regime. It can be seen that the 
LOLE decreases with increasing wind penetration. The lower curve in Figure 4.2 is 
obtained when the wind farm has the Swift Current wind regime. It can be seen that 
identical WECS located at different sites provide different system reliability benefits. The 
reliability benefit from the wind farm with the Swift Current data is significantly higher 
than that obtained from the wind farm with the North Battleford data. Similar effects are 
observed in terms of the LOEE index in Figure 4.3. 
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Figure 4.2: LOLE versus wind energy penetration. 
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Figure 4.3: LOEE versus wind energy penetration. 
 
This study assumes that the wind power is always first dispatched to serve the 
load, and all the wind energy can be absorbed by the system. This has been the practice in 
the past where wind penetration was very small, and therefore, had insignificant impact on 
system performance.  
 
The minimum hourly load for the RBTS is approximately 63 MW. Based on the 
above assumption that there are no operating constraints, all the wind energy generated 
will be used to serve the load if the rated WECS capacity added to the RBTS is less than 
63 MW. It is possible to have surplus wind energy only when the rated capacity of 
WECS is greater than the minimum load. The Expected Surplus Wind Energy (ESWE) 
depends on the ability of the system to absorb wind, and is calculated during the 
sequential simulation. Figure 4.4 shows the relationship between the ESWE and the 
wind capacity added to the RBTS under the assumed conditions. There is no ESWE if 
the wind capacity added is less than 63 MW. The ESWE increases with increasing wind 
penetration if the wind capacity is greater than the minimum RBTS load. The ESWE 
index provides useful information on the potential benefits of wind energy storage. 
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Figure 4.4: ESWE versus wind energy penetration. 
 
Power systems can become unstable if a large share of the system load at any 
instant is served by the wind power as the wind power penetration level continues to 
increase. The power output from wind farms is subject to limitations related with the 
minimum loading levels of the conventional generating units and a dynamic penetration 
limit in island power systems [53]. If wind power production exceeds the amount that 
can be absorbed while maintaining adequate reserve and dynamic control of the system, 
a part of the wind energy produced may need to be cut off [54]. In this study, the wind 
power dispatch is restricted to a fixed percentage (Xw) of the system load considering 
system operating constraints. The appropriate restriction limit is system dependent and 
requires a detailed stability analysis for a given system operation and wind condition. 
Figure 4.5 shows the variation in the ESWE index with increasing wind penetration 
when the wind dispatch is limited to a fixed percentage of the system load. 
 
The wind power dispatch restrictions depend on the ability of the existing 
conventional units in the system to respond to the variations in wind power. Figure 4.5 
 80 
 
 
shows that the ESWE is higher for systems with greater restrictions on wind energy 
usage. The ESWE is 835 MWh/year when 50 MW of wind capacity is added to the 
RBTS if the wind dispatch is restricted to 40% of the system load. If the restriction is 
20%, the ESWE is equal to 12,859 MWh/year when 50 MW of wind capacity is added. 
If the wind dispatch is limited to 5% of the system load, the ESWE is equal to 5568 
MWh/year when 20 MW of wind capacity is added. The wind penetration in this case is 
7.7%.  
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Figure 4.5: ESWE versus wind capacity when wind power dispatch is restricted to a fixed 
percentage of the system load. 
 
The surplus wind energy shown by the index ESWE is available to be stored in 
energy storage for future use. The reliability benefits obtained from a combination of 
wind power and energy storage are analyzed in the following studies and the results are 
illustrated. 
 
An energy storage facility with a capacity of 10 MWh is added to the power 
system containing wind power. The surplus wind energy above Xw% of the system load 
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is available for storage. Separate studies are conducted with and without considering the 
effect of operating constraints associated with the charging and discharging of the energy 
storage facility. A linear 5-hour charging and discharging period is used in the studies 
that consider the charging/discharging constraints of energy storage. The detailed energy 
storage model and the simulation process used in the study are described in Section 3.3. 
 
Figures 4.6 to 4.8 show the effect of energy storage on the system LOLE and 
LOEE with a wind power dispatch restriction equal to 100%, 40%, and 20% of the 
system load respectively. It should be noted that there is no restriction on wind energy 
dispatch in the 100% case, and all available wind energy can be absorbed by the system 
to supply the load. There are three curves in these figures. The first curve is for the case 
without energy storage. The second curve is for the case with a 10 MWh energy storage, 
and its charging/discharging restriction is not considered. The third curve is for the case 
in which the charging/discharging restriction is considered for the 10 MWh energy 
storage.  
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Figure 4.6: Effect of energy storage on system LOLE. 
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The upper curve in Figure 4.6 shows that the system reliability is improved 
continuously as wind capacity increases. The incremental reliability benefit however 
decreases with increasing wind capacity. It is shown in this figure that there is no 
difference between the three curves when the added wind capacity is less than 63 MW. 
This is because there is no surplus wind energy available for storage, and the 10 MWh 
storage facility cannot provide any reliability benefit to the system. There are reliability 
benefits from the storage facility when the added wind capacity is greater than 63 MW. 
The increase in system reliability due to energy storage is significantly curtailed when the 
charging and discharging restrictions of energy storage are considered. 
 
Studies similar to those described and shown in Figure 4.6 were done 
considering different wind power dispatch restrictions, and the LOLE results are shown 
in Figure 4.7 and 4.8. The effect of energy storage on the system LOLE with increasing 
wind penetration is shown in Figure 4.7 considering a wind energy dispatch restriction 
of 40% of the system load. Figure 4.7 shows that wind energy is available for storage if 
the installed wind capacity is greater than 25 MW. Figure 4.8 shows the effect of energy 
storage on the system LOLE when the wind energy dispatch is restricted to 20% of the 
system load. In this case, wind energy is available for storage if the connected wind farm 
capacity is greater than 12.5 MW. 
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Figure 4.7: Effect of energy storage on LOLE with a wind power dispatch restriction 
equal to 40%. 
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Figure 4.8: Effect of energy storage on LOLE with a wind power dispatch restriction 
equal to 20%.  
 
4.4 Wind Farm and Energy Storage Operating Strategies 
 
The method used to operate the energy storage facility can have significant 
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impacts on the system reliability and on the efficiency of wind energy utilization in a 
power system. The most appropriate operating method, from a system reliability point of 
view, is to maintain the energy storage facility in its fully charged condition, and use the 
stored energy to avoid load curtailment situations. This method utilizes the generation and 
storage model shown in Figure 3.13, and was used to conduct the studies described in 
Section 4.3. This method, however, does not assist in alleviating power fluctuations from 
wind generation as the energy storage facility mostly remains in the fully charged state. It 
would be desirable to have storage space available whenever there is surplus wind energy, 
and to use stored energy whenever the wind generation drops.  
 
Practically, wind farm operators forecast the wind speed for the next hour, and 
estimate the power output from the available wind turbines. A commitment is made to the 
system to provide that amount of power in the next hour. If actual power output is greater 
than the commitment, the excess energy can be placed in energy storage. If the actual 
power output is less than the commitment, energy from the storage can be used to meet the 
commitment. In systems with large wind penetration, the system operator may impose a 
limit on the wind power that can be absorbed by the system in order to maintain the system 
stability. The excess wind energy can then be stored. 
 
The energy storage facility could either be operated by the power system 
operator or a wind farm owner. Three possible operating strategies for wind farm and 
energy storage are presented as follows in Scenarios 1 to 3. The hourly wind energy 
dispatch is restricted to Xw% of the hourly system load demand in order to maintain 
system stability in all three scenarios, and the surplus wind energy above Xw% of the 
system load is stored. The energy storage model shown in Figure 3.13 was developed to 
incorporate the operating strategies described in the three scenarios. The methodology is 
described in Chapter 3. The MCS approach used in this methodology can be readily 
modified to incorporate other operating strategies as well. 
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 Scenario 1: The energy storage in Scenario 1 is controlled by the independent 
system operator (ISO). In this operating scenario, the stored energy is used to supply the 
system load when the sum of the wind power and the conventional power is inadequate 
to supply the system load. 
 
 Energy storage is often controlled by the system operator as indicated in 
Scenario 1. With large wind penetration, it maybe more appropriate to coordinate the 
operation of the wind farm and energy storage [39]. This coordination is investigated in 
Scenario 2 and 3.  
 
Scenario 2: If the available wind power is less than Xw% of the system load, the 
stored energy can be used to supply the load. The sum of the wind power and the storage 
power used cannot exceed the limitation of Xw%. In other words, the wind and storage 
combination is operated to meet a commitment of Xw% of the system load. The energy 
storage time series {ESi; i=1,2,……, T} can be computed using (4.1).  
 
iwiii tSGESES ×+=+1                                                            (4.1) 
 
Where {SGwi; i=1,2, ……, T} is the surplus wind generation time series, {ti, i=1,…, T, 
where ti is the ith time interval and T is the number of time intervals in a year}is a time 
interval series in a simulated year. 
 
Scenario 3: This is similar to Scenario 2. The difference, however, is that the 
stored energy can be discharged to serve the load if the available wind power is greater 
than Xw% of the load, and the power from CGU is less than (1-Xw)% of load. In this case, 
the stored energy will also be used to support CGU to avoid load curtailment while 
 86 
 
 
meeting the stability criterion. The energy storage time series {ESi; i=1,2,……, T} can be 
computed by (4.2).  
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Where {SGci; i=1,2,……, T} is surplus conventional generation time series. 
 
The three operating strategies of wind farm and energy storage are incorporated 
in the developed model and are applied in the reliability evaluation of a generating 
system including wind and energy storage in the following section. 
 
4.5 Simulation Results and Analyses 
 
The three operating scenarios for the wind farm and energy storage discussed in 
Section 4.4 are compared in this section. The relative benefits from energy storage in wind 
energy utilization and contribution to the overall system reliability are compared in terms 
of the effects of wind site location, wind penetration level, energy storage operating 
constraints, energy storage capacity, and wind energy dispatch restrictions. Four 
quantitative indices are used in the analysis. The first three are the LOLE, LOEE, and the 
Expected Energy Supplied by Wind (EESW). The EESW as noted earlier is the expected 
wind energy supplied to the load. When energy storage is added to the system, some of the 
wind energy is first stored and later supplied to the load. The EESW therefore increases 
with energy storage. The fourth index is the Expected Wind Energy stored in the Battery 
(EWEB). The EWEB shows the amount of excess wind energy that can be placed in 
energy storage during a simulated year. In the figures shown in this section, the charging 
and discharging restrictions of energy storage are included or not included and the two 
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conditions are distinguished by (a) and (b) respectively. For example, Scenario 1 (a) 
indicates that energy storage is in Scenario 1 and the charging and discharging restrictions 
are not considered. 
 
The following study is conducted on a power system where a wind farm with the 
Swift Current wind regime and 10 MWh of storage is added to the RBTS. The wind 
power is restricted to supplying 5% of the system load. The charging and discharging 
restrictions of energy storage are not considered. The reliability and energy benefits with 
increasing wind capacity are first evaluated without considering energy storage. The 
results are compared with cases when an energy storage facility having a maximum 
capacity of 10 MWh is used to support the power output from the wind farm. The LOLE 
and EESW respectively are shown in Figure 4.9 and 4.10 for these conditions. 
 
0
0.4
0.8
1.2
0 10 20 30 40 5
Wind Capacity (MW)
LO
LE
 (h
ou
rs
/y
ea
r)
0
No energy storage Scenario 1
Scenario 2 Scenario 3
Figure 4.9: LOLE comparison of cases with and without energy storage in different 
scenarios. 
 
Figure 4.9 shows that the system reliability improves as the added wind capacity 
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increases, and that energy storage in Scenario 1 can greatly improve the system 
reliability. The energy storage in Scenarios 2 and 3 improve the system reliability 
slightly, and the energy storage in Scenario 3 provides higher system reliability benefits 
than in Scenario 2. As the added wind power increases, the difference in the reliability 
benefits from added energy storage between Scenarios 2 and 3 increases. It is shown in 
Figure 4.10 that there is almost no difference between the EESW for the case without 
energy storage and the case with energy storage in Scenario 1. The utilization of energy 
storage in Scenario 1 has relatively little effect on the amount of wind energy consumed 
by the system load. The operating strategies in Scenarios 2 and 3 result in relatively high 
wind energy consumption by the system. The difference between the energy utilization 
effects of Scenarios 2 and 3 is small. 
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Figure 4.10: EESW comparison of cases with and without energy storage in different 
scenarios. 
 
The index EESW is the amount of wind energy that can be directly accepted by 
the power grid. A high EESW value usually means significant reductions in conventional 
fossil fuel and greenhouse gas emissions. 
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 4.5.1 Effect of Wind Site Location 
 
The following study considers a wind farm connected to the RBTS. Wind data 
from two different sites, Swift Current and North Battleford, are used. An energy storage 
facility with a maximum capacity of 10 MWh is used. Wind power is restricted to 5% of 
the system load. The effect of storage capacity and wind energy dispatch restriction are 
analyzed in Section 4.5.3 and 4.5.4 separately. The effect of a site-specific wind regime on 
the system reliability is evaluated in this section. The charging and discharging 
restrictions of energy storage are not considered. Figure 4.11 shows that greater reliability 
benefits can be obtained, if energy storage is incorporated in the wind farm with better 
wind regimes. It should, however, be noted that the North Battleford wind regime using 
the Scenario 1 operating strategy will provide higher system reliability than the Swift 
Current wind regime operated using the Scenarios 2 or 3 strategies. 
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Figure 4.11: Effect of wind farm location on the LOLE. (SC: Swift Current; NB: North 
Battleford). 
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 Table 4.1 shows that the EWEB increases as the added wind capacity increases. 
If energy storage is incorporated in the wind farm with better wind regimes, more wind 
energy can be stored. It can be seen that the EWEB values are very close for the energy 
storage in Scenarios 2 and 3. This is because the operating strategies for the two 
scenarios are the same except when a loss of load situation occurs due to inadequate 
conventional generation, and the probability of this situation is very small. This is the 
reason why Scenario 3 provides slightly lower LOLE than Scenario 2. The utilization of 
energy storage during the situation when SGwi ≥ 0 and SGci < 0 in Scenario 3 causes a 
slight reduction in the wind power that can be stored. Therefore, the EWEB for energy 
storage in Scenario 3 is slightly less than that for energy storage in Scenario 2 as shown 
in Table 4.1. Compared with energy storage in Scenarios 2 and 3, the energy storage 
facility in Scenario 1 receives very small amounts of wind energy during system 
operation. This energy, however, is only utilized when a loss of load situation occurs, 
and therefore, results in significant improvement in system reliability. Energy storage in 
Scenario 1 is almost always maintained at the fully charged condition as the probability 
of loss of load situation occurring is very small. Energy storage in Scenario 1 is a good 
addition in regard to improving the system reliability, but it does not provide an active 
facility for wind energy storage. 
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 Table 4.1: Effect of wind farm location on the EWEB 
EWEB (MWh) 
North Battleford Swift Current Wind 
Capacity 
(MW) 
Scenario 
1 
Scenario 
2 
Scenario 
3 
Scenario 
1 
Scenario 
2 
Scenario 
3 
10 0.92 140.51 140.51 0.94 495.91 495.91 
20 0.96 712.12 712.1 0.98 1538.05 1538.02 
30 0.99 1237.03 1237.00 1.01 2296.19 2296.14 
40 1.02 1666.42 1666.39 1.02 2811.03 2810.97 
50 1.038 1987.62 1987.58 1.02 3152.33 3152.29 
 
 
4.5.2 Effect of Charging/discharging of Energy Storage 
 
Different energy storage technologies have different types of charging and 
discharging characteristics. The following study compares an ideal storage (with no 
charging/discharging constraints) with a battery type storage that has specific 
charging/discharging constraints. A wind farm with the Swift Current wind regime and 10 
MWh of energy storage are added to the RBTS system in the following studies. The wind 
power is restricted to supply 5% of the system load. Figure 4.12 shows that the LOLE 
index decreases as the added wind capacity increases, and the charging and discharging 
characteristics of energy storage greatly limit the reliability benefit from energy storage in 
Scenario 1. In Scenarios 2 and 3, the charging and discharging characteristics of energy 
storage reduce the reliability benefits but the influence is relatively small.  
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Figure 4.12: Effect of energy storage charging/discharging constraints on the LOLE. 
 
Table 4.2 shows that surplus wind energy can be stored in the energy storage 
facility as the added wind capacity increases. Similar to the results shown in Table 4.1, 
the amount of wind energy that can be stored in Scenario 1 is minimal. The charging and 
discharging characteristics of energy storage reduce the amount of wind energy stored in 
all three scenarios. The relative restriction in EWEB due to the charging and discharging 
characteristics increases with wind capacity. 
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Table 4.2: Effect of energy storage charging/discharging constraints on the EWEB 
EWEB (MWh) Wind 
Capacity 
(Mw) 
Scenario 1 
(a) 
Scenario 2 
(a) 
Scenario 3 
(a) 
Scenario 1 
(b) 
Scenario 2 
(b) 
Scenario 3 
(b) 
10 0.94 495.91 495.91 0.76 385.88 385.87 
20 0.98 1538.05 1538.02 0.77 1158.3 1158.27 
30 1.01 2296.19 2296.14 0.77 1671.68 1671.64 
40 1.02 2811.03 2810.97 0.77 2018.16 2018.12 
50 1.02 3152.33 3152.29 0.77 2228.27 2228.25 
 
4.5.3 Effect of Energy Storage Capacity 
 
The effect of the storage capacity on the system reliability and wind energy 
utilization is analyzed in this section. A wind farm with the Swift Current wind regime is 
added to the RBTS. The total capacity of the wind farm is 20 MW in the following studies. 
The wind power is restricted to supply 5% of the system load. Figure 4.13 and Table 4.3 
show the variations in the system LOLE and the EWEB with the size of the energy storage 
capacity added to the system.  
 
The three parallel straight lines in Figure 4.13 show the system LOLE for the 
original RBTS, the RBTS with wind capacity, and the RBTS with wind capacity restricted 
to 5% of the system load. The added wind capacity can improve the system reliability, but 
the reliability benefit is reduced if only 5% of the system load can be served by wind 
power. As the capacity of the added energy storage increases, the system LOLE continues 
to decrease. The differences in the reliability benefit from energy storage in Scenarios 2 
and 3 are small. The energy storage charging and discharging restrictions greatly affect 
the reliability benefit from energy storage in Scenario 1, but have little influence on 
Scenarios 2 and 3. 
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Figure 4.13: Effect of energy storage capacity on the LOLE. 
 
Table 4.3: Effect of energy storage capacity on the EWEB 
EWEB (MWh) Energy 
Storage 
Capacity 
(MWh) 
Scenario 1 
(a) 
Scenario 2 
(a) 
Scenario 3 
(a) 
Scenario 1 
(b) 
Scenario 2 
(b) 
Scenario 3 
(b) 
10 0.98 1538.05 1538.02 0.77 1158.30 1158.27 
20 1.61 2238.42 2238.38 1.41 1946.02 1945.97 
30 2.12 2741.02 2740.97 1.94 2523.28 2523.23 
40 2.54 3137.15 3137.10 2.40 2966.71 2966.65 
50 2.91 3455.82 3455.76 2.80 3324.30 3324.23 
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 Table 4.3 shows that storage capacity has a significant impact on the EWEB for 
all three scenarios. The EWEB tends to saturate as the energy storage capacity increases 
since the excess wind energy that can be stored is limited. The difference in the wind 
energy that can be stored in Scenarios 2 and 3 is small, as explained in Section 4.5.1. 
 
4.5.4 Effect of Wind Power Dispatch Restrictions 
 
The effect of wind power dispatch restrictions on the reliability benefits from 
energy storage is analyzed in this section. A wind farm with the SC wind regime is added 
to the RBTS. The total capacity of the wind farm is 20 MW. An energy storage facility 
with a capacity of 10 MWh is incorporated in the wind farm. The charging/discharging 
constraint on energy storage is not considered in the studies described in this section. The 
analyses in the previous sections show that the differences in reliability benefits from 
energy storage in Scenario 2 and 3 are very small. The variations in the system LOLE and 
LOEE with energy storage in different scenarios, as the wind energy dispatch restriction 
increases, are shown in Figure 4.14 and 4.15 respectively. A 0% wind energy dispatch 
restriction is obviously not a practical constraint. It is used in the following discussions to 
initiate the examinations of the effect of increasing dispatch restrictions. 
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Figure 4.14: Effect of wind energy dispatch restriction on the LOLE. 
 
In Scenario 1, all the wind power is used to charge the energy storage facility when 
the wind energy dispatch restriction is 0%. As the wind energy dispatch restriction 
increases from 0%, the LOLE and LOEE decreases as more wind energy can be used to 
supply the load directly. The LOLE and LOEE reach their minimum values when the 
wind energy dispatch restriction is approximately 6%. The LOLE and LOEE then begin to 
increase as less wind power is available to charge the energy storage facility. When the 
wind energy dispatch restriction reaches 32%, no wind energy can be stored, and the 
energy storage facility makes no contribution to the system reliability.  
 
In Scenario 2, all the wind power is used to charge energy storage when the wind 
energy dispatch restriction is 0%. Since energy storage has no opportunity to be used and 
it is always full, no wind energy can be stored, the wind farm and energy storage have no 
contribution to the system reliability. The LOLE and LOEE values are the same as those 
of the original RBTS. As the wind energy dispatch restriction increases from 0% more 
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wind energy can be used to supply the load directly, the energy in storage can be 
discharged to supply the load, and the LOLE decreases. The LOLE and LOEE reach their 
minimum values when the wind energy dispatch restriction is approximately 6%. The 
minimum values are smaller than those for the RBTS system with 20 MW wind capacity, 
the SC wind regime and no wind dispatch restriction. The LOLE and LOEE then begin to 
increase as less wind power is available to charge the energy storage facility. When the 
wind energy dispatch restriction reaches 12%, there is no reliability benefit from energy 
storage. 
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Figure 4.15: Effect of wind energy dispatch restriction on the LOEE. 
 
In Scenario 3, all the wind power is used to charge the energy storage facility when 
the wind energy dispatch restriction is 0%. The LOLE increases and the LOEE decreases 
as the wind energy dispatch restriction increases from 0%, since there are fewer situations 
where the power output from the wind farm exceeds the wind energy dispatch restriction 
and more wind energy is used to supply the load directly. There is no reliability benefit 
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from energy storage when the wind energy dispatch restriction reaches 12%. 
 
Figure 4.14 and 4.15 show that the energy storage in Scenarios 1 and 2 provide 
the maximum reliability benefit when the wind energy dispatch restriction is around 6% 
of the system load. In Scenario 3, the system LOEE reaches its minimum value when the 
wind energy dispatch restriction is approximately 6%. 
 
4.6 Summary 
 
An energy storage facility can be used to smooth the fluctuating nature of wind 
power, and improve the continuity of power supply from a WECS. A MCS method is 
utilized in this chapter to recognize the chronological random nature of wind speed in the 
adequacy evaluation of a generating system including wind power and energy storage.  
 
The system reliability increases with increasing wind penetration in a system. The 
incremental benefit however decreases. The expected surplus wind energy (ESWE) or the 
energy that cannot be absorbed by the system increases as the installed wind capacity is 
increased above the minimum system load in power systems with relatively high wind 
penetration. The wind power has to be restricted to avoid system stability problems when 
the wind penetration is relatively high. A wind power dispatch restriction is introduced in 
terms of a percentage of the system load. When wind power dispatch is restricted to 5% of 
the system load, there is significant amount of ESWE that cannot be absorbed by the 
system even when the installed wind capacity is much smaller than the minimum system 
load. A relatively high ESWE indicates significant benefits from using energy storage to 
capture and use the surplus wind energy.  
 
An energy storage model for reliability evaluation presented in Chapter 3 is 
applied in this chapter. The addition of an energy storage facility in a power system can 
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improve system reliability. The reliability benefit from energy storage is greatly limited 
by the charging/discharging characteristics of the storage facility.  
 
Three different operating strategies are analyzed and compared in terms of the 
reliability benefit from energy storage and the amount of surplus wind energy that can be 
captured and stored for later use. The wind farm and energy storage operating strategy 
described in Scenario 1 provides higher system reliability than Scenarios 2 and 3. The 
charging and discharging characteristics of energy storage can greatly affect the reliability 
benefits from energy storage in Scenario 1, but have negligible effects on the reliability 
benefits in Scenarios 2 and 3. The reliability benefits from energy storage in all three 
scenarios are highly dependent on the wind energy dispatch restrictions. Compared with 
Scenario 2, energy storage in Scenario 3 has more ability to improve the system reliability 
for a wide range of wind energy dispatch restrictions. The stored energy has more 
opportunities to discharge in Scenarios 2 and 3 than in Scenario 1. The charging and 
discharging restrictions on energy storage therefore have a significant influence on the 
amount of wind energy that can be stored in Scenarios 2 and 3. There is almost no 
difference between Scenarios 2 and 3 in regard to the wind energy that can be placed in the 
energy storage facility. 
 
Energy storage in Scenario 3 has the ability to improve the system reliability, and 
large amounts of surplus wind energy can be stored. The analyses in this chapter show that 
energy storage in Scenario 3 is a potentially useful option for both power system operators 
and wind farm owners. 
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5. ADEQUACY EVALUATION CONSIDERING WIND AND HYDRO 
POWER COORDINATION 
 
5.1 Introduction 
 
The supply of electrical energy should be adequately planned to meet the system 
demand, and the supply and demand of electrical energy must always be balanced during 
system operation. The intermittent nature of wind power makes energy storage facilities 
important for large scale integration of wind power into power systems. Unlike other 
conventional power sources, hydro power stations with a reservoir act as an energy 
storage facility, and also have the ability to change their power output quickly to balance 
power fluctuations in the system.  
 
A sequential Monte Carlo simulation technique developed to incorporate the 
coordination of wind power and an energy limited hydro system in a generating capacity 
adequacy assessment was developed in this work and is presented in Chapter 3. The 
IEEE four-state model [42] is utilized to model hydro units that are intermittently 
operated in response to wind generation. An energy limited hydro system model 
presented in [40] is utilized and modified in the studies, and additional data on hydro 
plant characteristics, such as water in-flow, reservoir volume, turbine discharge rates are 
introduced in Chapter 3. 
 
In this chapter, base case studies are first conducted to investigate the impact of 
energy limited hydro units and the wind power dispatch restriction on the overall system 
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adequacy. A range of sensitivity studies are conducted to assess the reliability benefit 
from the coordination between wind power and hydro units. Important parameters that 
can affect the system adequacy, such as the number of hydro units coordinated with 
wind power output, water inflow and reservoir volume, system load level, wind power 
penetration level, wind-hydro coordination strategy, starting failure of hydro units, and 
initial water volume in the reservoir are all examined in this chapter.  
 
5.2 Base Case Studies 
 
The IEEE-RTS [40] is selected as the test system. The IEEE-RTS has a total of 
32 generating units, including 6 hydro units each rated at 50 MW. The detailed 
generation and reliability data of the test system is presented in Appendix A. The 
chronological load model shown in Figure 2.7 is used in the studies in this chapter, and 
the detailed data for this load model are shown in Appendix A. The 6 hydro units in the 
IEEE-RTS are assumed to be installed in a single hydro plant with a reservoir. Hydro 
plant data such as water inflow data, reservoir volume limitations, hydro turbine 
discharge limitations, and reservoir coefficients are shown in Chapter 3. 
 
5.2.1 Impact of Energy Limited Hydro Units on System Reliability 
 
This study is conducted to analyze the results from using different generation 
models to represent the hydro power units. Three cases are selected with different 
generation models. In the first case, all the 32 generating units are represented by the 
two-state model. In the second case, 26 generating units are represented by the two-state 
model, and the 6 hydro units are represented by the four-state model. Energy limitations 
of hydro units are not considered in this case, and therefore the power output from these 
units are determined by the system load condition when the units are in the “In Service” 
state of the 4-state model. In the third case, the 6 hydro units are represented by the 
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four-state model, and energy limitations in the hydro reservoir are also considered. The 
power outputs of the hydro units also depend on the water condition in the reservoir in 
the third case. The system does not include wind power in this study. The system 
configurations for the three different cases are shown in Table 5.1.  
 
Table 5.1: System configurations for the cases in Section 5.2.1 
Case 
number 
Number of units 
with a 2-state 
model 
Number of units with a 
4-state model 
Energy limitation of 
hydro units is 
considered? (Yes/No) 
1 32 0  
2 26 6 No 
3 26 6 Yes 
  
Figure 5.1 to 5.3 show the system reliability indices: LOLE, LOEE, and LOLF 
for the three cases. It can be seen from these figures that different results are obtained for 
the reliability indices by using different generation models to represent the hydro units. 
Representing the 6 hydro units with a 4-state model in Case 2 decreases the exposure to 
failure for these units, and therefore, results in a higher reliability than in Case 1. The 
differences in results between Cases 1 and 2 are, however, small. The consideration of 
water limitations in the reservoir in Case 3 results in lower system reliability than in 
Cases 1 and 2 due to reduced power outputs from the hydro units. The reliability indices 
obtained from the model used in Case 3 are significantly higher than those obtained 
from the simpler models used in Cases 1 and 2. It is therefore important to incorporate 
energy limitations in the generation model when the hydro units operating strategy is an 
important aspect of system adequacy evaluation. The generation model developed for 
Case 3 was therefore is used in the subsequent studies. 
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Figure 5.1: Comparison of LOLE for Cases 1, 2 and 3. 
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Figure 5.2: Comparison of LOEE for Cases 1, 2 and 3. 
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Figure 5.3: Comparison of LOLF for Cases 1, 2 and 3. 
 
5.2.2 Impact of Wind Power Dispatch Restriction on System Reliability 
 
Wind penetrations in power systems were relatively small in the past. The impact 
of wind on system performance is insignificant at relatively low penetrations, and 
therefore, the system can readily absorb all the power generated from an interconnected 
wind farm. With increasing wind penetration, the power output from wind farms is subject 
to limitations in order to maintain adequate reserve and dynamic control of the system [53, 
54]. The limitation or restriction on wind power depends on the characteristics of the 
conventional generating units responsible for providing the necessary regulating reserve 
for balancing the wind power fluctuations. For example, hydro units respond much faster 
than thermal units. System operators usually operate selected hydro units in coordination 
with wind power to enhance the ability of the system to absorb wind power. The wind 
energy dispatch is restricted to a fixed percentage of the system load in this chapter, if 
there is no coordination between the interconnected wind farm and the hydro plant. The 
appropriate restriction limit is system dependent and requires a detailed stability analysis 
for a given system operation and wind conditions.  
 
The initial study presented in this section investigates the effect of wind power 
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dispatch restrictions on the benefits obtained from wind power. A wind farm with the 
Swift Current wind regime is integrated in the IEEE-RTS. Two wind capacity cases are 
considered:  300 MW and 900 MW, and the corresponding wind penetration levels are 
8% and 21% respectively. The Expected Wind Energy Utilized (EWEU) is the average 
annual wind energy consumed by the system, and is calculated using (5.1) and (5.2) as 
follows. 
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Where Xw is the wind power dispatch restriction in percentage of system load, and 
WEUi is the wind energy utilized in the i th hour. 
 
 A power system can absorb more wind energy as the wind power dispatch 
restriction ratio Xw is increased. Xw = 100% means that there is no restriction and all the 
wind power can be absorbed if the wind power output is less than the system load. It is 
shown in Figure 5.4 to Figure 5.7 that the reliability of the system and the amount of 
utilized wind energy increases significantly as the wind power dispatch restriction ratio 
increases. The restriction has a greater influence at high wind penetration. This effect 
can be seen by comparing the results for the 900 MW wind capacity case with the case 
with 300 MW of wind capacity. 
 
In the subsequent studies, the wind power dispatch is restricted to 3% of the 
system load if there is no coordination between the interconnected wind farm and the 
hydro plant. It is assumed that all the power output from the wind farm can be absorbed 
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by the system if a number of hydro units are assigned to coordinate with wind power. 
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Figure 5.4: Effect of wind power dispatch restriction on the LOLE. 
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Figure 5.5: Effect of wind power dispatch restriction on the LOEE. 
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 Figure 5.6: Effect of wind power dispatch restriction on the LOLF. 
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 Figure 5.7: Effect of wind power dispatch restriction on the EWEU. 
 
5.3 Effect of the Number of Hydro Units Coordinated with Wind Power 
 
A selected number of generating units in the hydro plant are assigned to operate 
in coordination with the wind power variation, and the rest of the hydro units are 
assigned as peaking units in this study. The data shown in Tables 3.1 and 3.2 for the 
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water inflow and reservoir size are utilized. The hydro units coordinated with wind 
power are started when the wind power output is less than 20% of the rated wind 
capacity. A wind farm with the Swift Current wind regime is integrated in the IEEE-RTS. 
The wind farm has a capacity of 300 MW. Figures 5.8 to 5.10 show the effect of the 
number of hydro units coordinated with wind power on the system reliability indices, 
such as the LOLE, LOEE, and LOLF. In order to show the impact of the coordination 
process on system adequacy, hydro unit energy limitations are not considered in the 
initial part of the study. 
 
0
2
4
6
8
0 1 2 3 4 5 6
Number of hydro units coordinated with wind power output
LO
LE
 (h
ou
rs
/y
ea
r)
Figure 5.8: Effect of the number of hydro units coordinated with wind power output on 
the system LOLE when the hydro units not energy limited. 
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Figure 5.9: Effect of the number of hydro units coordinated with wind power output on 
the system LOEE when the hydro units are not energy limited. 
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Figure 5.10: Effect of the number of hydro units coordinated with wind power output on 
the system LOLF when the hydro units are not energy limited. 
 
It is shown in Figures 5.8 to 5.10 that the coordination between wind power and 
hydro units can increase the overall system adequacy. The reliability indices decrease 
significantly when the number of hydro units operated in coordination with wind power 
increases from 0 to 1. There is no restriction on wind power when coordinated with 
hydro power, and therefore, the benefits from wind increase. The number of hydro units 
coordinated has little effect on the system adequacy as the number of hydro units 
coordinated with wind power increases from 1 to 6. This can be seen in Figures 5.8 to 
5.10 where the three reliability indices have relatively small variations. The reason is 
that this study assumes no water limitations during the peak hours when the number of 
hydro units operating in coordination with wind power is increased.  
 
The amount of energy in a hydro reservoir is limited by its storage capacity. The 
following study considers hydro unit energy limitations. The effect on the system 
reliability indices of the number of hydro units coordinated with wind power is shown in 
Figures 5.11 to 5.13 when hydro unit energy limitations are considered. It is shown that 
the system adequacy is greatly reduced when the number of hydro units coordinated 
with wind power increases from 0 to 1. The coordination between wind power and hydro 
units reduces the level of system adequacy when the data in Tables 3.1 and 3.2 for the 
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original water inflow and reservoir volume are applied. The number of hydro units 
coordinated has little effect on the system adequacy as the number of hydro units 
coordinated with wind power increases from 1 to 6.  
 
0
10
20
30
40
50
60
0 1 2 3 4 5 6
Number of hydro units coordinated with wind power output
LO
LE
 (h
ou
rs
/y
ea
r)
Figure 5.11: Effect of the number of hydro units coordinated with wind power output on 
the system LOLE when the hydro units are energy limited. 
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Figure 5.12: Effect of the number of hydro units coordinated with wind power output on 
the system LOEE when the hydro units are energy limited. 
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Figure 5.13: Effect of the number of hydro units coordinated with wind power output on 
the system LOLF when the hydro units are energy limited. 
 
The average water utilized, spilled, and the average water volume in the reservoir 
can be recorded during the simulation when hydro unit energy limitations are considered. 
Figures 5.14 to 5.16 show the effect on the AWE, AWS, and AVolume respectively of the 
number of hydro units coordinated with wind power. When there is no coordination 
between wind power and hydro units, only a small amount of water is used by the hydro 
units. Most of the water is spilled, and the reservoir volume is maintained at its 
maximum level. If there is coordination between wind power and hydro units, the water 
in the reservoir is used up when the wind power output is less than 20% of wind farm’s 
rated capacity, and no water is available when hydro units are required to reduce the loss 
of load. 
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Figure 5.14: Effect of the number of hydro units coordinated with wind power output on 
the AWE when the hydro units are energy limited. 
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Figure 5.15: Effect of the number of hydro units coordinated with wind power output on 
the AWS when the hydro units are energy limited. 
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Figure 5.16: Effect of the number of hydro units coordinated with wind power output on 
the AVolume when the hydro units are energy limited. 
 113 
 
 
 Studies in this section show that the original water inflow and reservoir size as 
shown in Tables 3.1 and 3.2 are comparatively small and inadequate to operate hydro 
units in coordination with wind power output. In the next section, the water inflow and 
reservoir size are increased and the effect of the water inflow and reservoir size on the 
reliability benefit from the coordination between wind power and hydro units is 
investigated.  
 
5.4 Effect of Water In-flow and Reservoir Volume 
 
The approximate relationship between the water head and the volume of the 
reservoir is shown in (3.19). The hydro reservoir data used in the studies in the previous 
section is presented in [40]. The constants a, b, and c are 0.00241, 0.11100 and 2.00000 
respectively. The maximum and the minimum volume of the reservoir are 100 Mm3 and 
5 Mm3 respectively, and the water volume is 2 Mm3 when the water head is 0 m. This 
reservoir is designated as Reservoir A. The water in-flow to this reservoir is 235 
Mm3/year. The relation between the reservoir volume and water head is shown in Table 
5.2. 
 
Table 5.2: Relationship between water head and reservoir volume for Reservoir A 
Volume (Mm3) Head (m) 
100 180 
5 19.1 
2 0 
 
The results in Section 5.2 show that the reservoir volume is very small, and 
therefore, the hydro units have significant energy limitations when they are operated in 
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coordination with wind variations. The reservoir volume and the water in-flow are 
increased by a factor of 10 in the following study in order to assess the benefits with 
increased size of the reservoir. This reservoir is designated as Reservoir B. The increased 
reservoir water volume and the corresponding water heads are shown in Table 5.3. The 
reservoir volume data shown in the first column of Table 5.3 are 10 times larger than that 
of Table 5.2. The corresponding water heads in the second column remain the same in 
both tables. The depth of the reservoir is not changed since the hydro unit ratings remain 
the same, and are designed for the particular water head. The water in-flow to Reservoir 
B is 2350 Mm3/year. 
 
Table 5.3: Relationship between water head and reservoir volume for Reservoir B 
Volume (Mm3) Head (m) 
1000 180 
50 19.1 
20 0 
 
The new values for the parameters a, b, and c are obtained by applying the 
modified relationship between the water head and the reservoir volume in Table 5.3. The 
new values for the parameters a, b, and c are shown in (5.3). 
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A series of studies were conducted to investigate the reliability benefits from wind 
power coordinated with hydro units. Data for the wind farm, hydro reservoir, and water 
inflow for three different cases are shown in Table 5.4. The wind farm capacity is 300 
MW in the three cases. Case 1 uses the hydro plant with Reservoir A data. Case 2 uses 
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Reservoir B in order to explore the effect of increased reservoir volume and water inflow. 
The water in-flow and reservoir volume for Reservoir B are 10 times greater than that of 
Reservoir A. In Case 3 the reservoir is very large and the hydro units are not considered to 
be energy limited. 
 
Table 5.4: Example data for wind farm and hydro plant 
Case Number 
Wind Capacity 
(MW) 
Reservoir Volume 
(Mm3) 
Inflow Water 
(Mm3/year) 
Case 1 300 100 235 
Case 2 300 1000 2350 
Case 3 300 infinite unlimited 
 
Figures 5.17 to 5.19 show the effect on system reliability as the number of hydro 
units assigned to operate in coordination with wind power is increased for Cases 1 to 3. 
The system LOLE, LOEE, and LOLF increase significantly in Case 1 when hydro units 
are assigned to operate in coordination with wind power fluctuations. As Reservoir A is 
relatively small, all the available water is used up in balancing wind variation, and no 
water is available to supply energy during the peak hours. The system adequacy 
therefore decreases with wind and hydro coordination. 
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Figure 5.17: Effect of water inflow and reservoir volume on the system LOLE. 
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Figure 5.18: Effect of water inflow and reservoir volume on the system LOEE. 
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Figure 5.19: Effect of water inflow and reservoir volume on the system LOLF. 
 
The reservoir volume and water inflow are increased in Case 2. The system 
LOLE, LOEE, and LOLF decrease when the number of coordinated hydro units 
increases from 0 to 1 for this case. There is no restriction on wind power when 
coordinated with a hydro unit, and therefore, the benefits from wind are increased. When 
the number of hydro units coordinated with wind power is 3 or more, the system 
adequacy begins to decrease as there will be less water available to supply the load 
during the peak hours. 
 
The system adequacy in Case 3 is the same as in Case 2 when the number of 
hydro units coordinated with wind power is 0, 1 and 2. The number of hydro units used 
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for wind power coordination does not influence the system adequacy in this case. 
 
Figure 5.20 to Figure 5.22 respectively show the comparisons of AWE, AWS, and 
AVolume for Cases 1 and 2 which consider energy limitations in the hydro reservoir. The 
AWE and AWS indices are represented in percentage of annual water inflow, and the 
AVolume in percentage of the maximum reservoir volume.  
 
Figure 5.20 shows that only a small amount of water is used in both cases when 
there is no coordination between wind power and hydro units. In this situation, the hydro 
units are at the bottom of the priority loading order, and are only brought in service to 
serve the peak load after all other generating units. All the available water is used in Case 
1 if a number of hydro units are assigned to coordinate with wind power. It is noted that 
the value of AWE is greater than the annual water inflow for Case 1 when the hydro units 
are coordinated with wind power. The reason is that the initial value of reservoir volume is 
set to be 80% of its maximum volume at the beginning of each simulated year. The 
reservoir volume and water inflow are increased by a factor of 10 in Case 2. Figure 5.20 
shows that the AWE for Case 2 increases with the number of hydro units coordinated with 
wind power. Almost all the available water is used up when all 6 hydro units are operated 
to coordinate with wind power.  
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Figure 5.20: Effect of water inflow and reservoir volume on the AWE. 
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 Figure 5.21 shows that there are large differences between cases with different 
reservoir volumes and water inflows. Figure 5.21 shows that more than 85% of the annual 
water inflow has to be spilled when there is no coordination between wind power and the 
hydro units. No water has to be spilled for Case 1 with the relatively small Reservoir A 
when hydro units are assigned and operated to coordinate with wind power. The AWS 
continues to decrease with an increasing number of hydro units coordinated with wind 
power when the reservoir volume and water inflow are increased in Case 2. The AWS is 
close to zero when all 6 hydro units are coordinated with wind power. 
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Figure 5.21: Effect of water inflow and reservoir volume on the AWS. 
 
Figure 5.22 shows that the AVolume is close to the maximum volume of the 
reservoir for both cases when there is no coordination between wind power and the 
hydro units. The reservoir volume is, however, close to its minimum volume (5% of 
maximum volume) for Reservoir A when wind power is coordinated with the hydro units 
in Case 1. The AVolume continues to decrease with increasing number of hydro units 
coordinated with wind power when the reservoir volume and water inflow are increased 
in Case 2. 
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Figure 5.22: Effect of water inflow and reservoir volume on the AVolume. 
 
5.5 Effect of Wind Farm Location 
 
This study investigates the effect of wind farm location on the reliability impact 
of the coordination of wind power and the hydro plant. The base case study presented in 
this thesis considers a wind farm, with Swift Current (SC) data, connected to the 
IEEE-RTS. The base case is compared with a case in which North Battleford (NB) wind 
data is considered. In both the cases, the rated wind capacity is 300 MW, and the 
corresponding wind penetration level is 8%. The results using Reservoir A data are 
shown in Figure 5.23 to 5.28. 
 
It is shown in Figure 5.23 to 5.25 that a wind farm located at a site with a better 
wind regime can provide higher system reliability. The system adequacy is greatly 
reduced because of the water shortage when a number of hydro units are operated to 
coordinate with wind power. The differences between the two curves in these figures are 
increased if the number of hydro units assigned to coordinate with wind power increases 
from 0 to 1. The reason is that the assigned hydro units for the North Battleford case 
have to start and operate more frequently and use more water since the power generated 
by the North Battleford wind farm has a higher probability of not meeting the 
coordination criterion of 20% of its rated capacity. 
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Figure 5.23: Effect of wind farm location on the system LOLE with Reservoir A. 
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Figure 5.24: Effect of wind farm location on the system LOEE with Reservoir A. 
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Figure 5.25: Effect of wind farm location on the system LOLF with Reservoir A. 
 
Figure 5.26 to Figure 5.28 respectively show the effect of wind farm location on 
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the water related indices, i.e. AWE, AWS, and AVolume. The two curves for the two 
different wind regimes are close together in all the three figures. The amount of water 
utilized by the hydro units are mainly determined by the number of hydro units assigned 
to operate in coordination with wind power. The effect of different wind regimes on 
these indices is very small when Reservoir A data is used in the study. 
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Figure 5.26: Effect of wind farm location on the AWE with Reservoir A. 
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Figure 5.27: Effect of wind farm location on the AWS with Reservoir A. 
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Figure 5.28: Effect of wind farm location on the AVolume with Reservoir A. 
 
In order to further investigate the effect of wind farm location, the water inflow 
and the reservoir volume are multiplied by a factor of 10 by using Reservoir B in the 
study. The results are shown in Figures 5.29 to 5.34. 
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Figure 5.29: Effect of wind farm location on the system LOLE with Reservoir B. 
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Figure 5.30: Effect of wind farm location on the system LOEE with Reservoir B. 
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Figure 5.31: Effect of wind farm location on the system LOLF with Reservoir B. 
 
Figures 5.29 to 5.31 show the effect of wind farm location on the system reliability 
indices for Reservoir B. There is an improvement in the system adequacy when wind 
power is coordinated with 1 or 2 hydro units for both wind farms. The reliability benefit 
from the North Battleford wind farm is less than that obtained from the Swift Current 
wind farm. When the number of hydro units assigned to coordinate with wind power is 
greater than 2, the water in the reservoir is insufficient, and the system adequacy is 
significantly reduced. There is a big difference between wind farms with Swift Current 
and North Battleford regimes in terms of system reliability when the number of hydro 
units assigned to coordinate with wind power is greater than 2. 
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The effect of wind farm location on the water related indices, such as AWE, AWS, 
AVolume when the water inflow and reservoir volume are increased is shown in Figure 
5.32 to 5.34. The North Battleford wind farm output is less than the coordination 
criterion more often than the Swift Current wind farm output. The hydro units are 
therefore operated more frequently to coordinate the North Battleford wind farm output. 
As a result, more water is utilized, less water is spilled, and the reservoir volume is 
maintained at a relatively low level when the coordinated wind farm has the North 
Battleford wind regime.  
 
0
800
1600
2400
3200
0 1 2 3 4 5 6
Number of hydro units coordinated with wind power output
A
W
E 
(M
m
^3
)
SC
NB
Figure 5.32: Effect of wind farm location on the AWE with Reservoir B. 
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Figure 5.33: Effect of wind farm location on the AWS with Reservoir B. 
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Figure 5.34: Effect of wind farm location on the AVolume with Reservoir B. 
 
5.6 Effect of Wind Power Penetration Level 
 
The effect of wind power penetration on the system adequacy is investigated in 
this section considering wind and hydro power coordination. The base case considered 
has a wind capacity equal to 300 MW, which is about 8% penetration in the IEEE-RTS. 
Different cases with varying wind capacities of 600, 900, and 1200 MW, i.e. wind 
penetration levels of 15%, 21%, and 26% respectively, are compared with the base case. 
The simulation results using Reservoir A are shown in Figures 5.35 to 5.40.  
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Figure 5.35: Effect of wind power penetration level on the system LOLE with 
Reservoir A. 
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Figure 5.36: Effect of wind power penetration level on the system LOEE with  
Reservoir A. 
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Figure 5.37: Effect of wind power penetration level on the system LOLF with  
Reservoir A. 
 
Figures 5.35 to 5.37 show the effect of wind power penetration on the system 
adequacy indices considering the coordination between wind power and the hydro units. 
It can be seen that the difference in system reliability between the cases with different 
wind power penetration levels is small when there is no coordination between the hydro 
units and the wind power fluctuations. The wind power absorbed by the system is 
restricted to 3% of the system load in each case. The system reliability level is mainly 
determined by the amount of water in the reservoir. An increase in wind penetration 
improves the system adequacy when there is coordination between the wind power and 
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the hydro units. Since the water is greatly limited for Reservoir A, the system adequacy 
is greatly reduced due to the coordination between wind power and hydro units. There is 
little difference between the cases with the same wind penetration level and different 
numbers of hydro units assigned to coordinate with wind power.  
 
Figures 5.38 to 5.40 show the effect of wind power penetration level on the 
indices such as AWE, AWS, and AVolume which relate to the water utilization. These 
figures show that the wind power penetration has little impact on the water utilized, 
spilled or the water level in the reservoir when the coordination between wind power 
and hydro units is considered since the water inflow is greatly limited and the reservoir 
is relatively small in the Reservoir A cases.  
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Figure 5.38: Effect of wind power penetration level on the AWE with Reservoir A. 
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Figure 5.39: Effect of wind power penetration level on AWS with Reservoir A. 
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Figure 5.40: Effect of wind power penetration level on the AVolume with Reservoir A. 
 
The effect of wind power penetration is further investigated using Reservoir B in 
which the water inflow and the reservoir volume are multiplied by a factor of 10. The 
results are shown in Figures 5.41 to 5.46. 
 
Figures 5.41 to 5.43 show that reliability levels for systems with different wind 
penetration are very similar when there is no coordination of wind power and hydro 
units. If the number of hydro units assigned to coordinate with wind power is equal to 1 
or 2, the system adequacy increases with wind power penetration. If the number of 
hydro units assigned to coordinate with wind power is increased further from 2, the 
system adequacy decreases. The system with higher wind penetration always provides 
higher reliability. 
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Figure 5.41: Effect of wind power penetration level on the system LOLE with  
Reservoir B. 
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Figure 5.42: Effect of wind power penetration level on the system LOEE with  
Reservoir B. 
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Figure 5.43: Effect of wind power penetration level on the system LOLF with  
Reservoir B. 
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 Figures 5.44 to 5.46 show the effect of wind power penetration on the AWE, 
AWS, and AVolume when the hydro plant has a large reservoir. These figures show that 
the two curves for the two different wind penetration levels are close together. The wind 
penetration has little effect on the water utilized by the hydro generator, spilled, or the 
water level in the reservoir. The reason is that the water utilization is mainly determined 
by the number of hydro units assigned to coordinate with wind power. The coordination 
criterion is in terms of the percentage of rated wind capacity, and the wind penetration 
level does not affect the number of hydro units that should be started when the actual 
wind power output is less than the coordination criterion. 
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Figure 5.44: Effect of wind power penetration level on the AWE with Reservoir B. 
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Figure 5.45: Effect of wind power penetration level on the AWS with Reservoir B. 
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Figure 5.46: Effect of wind power penetration level on the AVolume with Reservoir B. 
 
5.7 Effect of System Load Level  
 
The effect of the system load on the system adequacy is investigated in this 
section considering wind and hydro power coordination. The base case considered has a 
peak load of 2850 MW. Different cases with peak load levels of 2800 MW, 2900 MW, 
and 2950 MW are compared with the base case. The simulation results are shown in 
Figures 5.47 to 5.52.  
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Figure 5.47: Effect of system load on the system LOLE with Reservoir A.  
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Figure 5.48: Effect of system load on the system LOEE with Reservoir A. 
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Figure 5.49: Effect of system load on the system LOLF with Reservoir A. 
 
Figures 5.47 to 5.49 show the effect of the system load on the reliability indices. 
The system reliability decreases with increasing system load. For a given system load, 
the system reliability doesn’t change significantly when the number of hydro units 
assigned to coordinate with wind power increases from 1 to 6. 
 
The effect of the system load on the water utilization related indices, such as 
AWE, AWS, and AVolume is shown in Figures 5.50 to 5.52. When there is no 
coordination between wind power and the hydro units, an increased system load slightly 
increases the amount of water utilized by the hydro generators, and therefore, reduces 
the amount of water spilled. The four curves in these figures are close together when a 
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number of hydro units are assigned to coordinate with wind power. All the available 
water in the reservoir is used up, and the effect of system load level on the water 
utilization is very small if the reservoir volume and water inflow are relatively small. 
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Figure 5.50: Effect of system load level on the AWE with Reservoir A. 
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Figure 5.51: Effect of system load level on the AWS with Reservoir A. 
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Figure 5.52: Effect of system load level on the AVolume with Reservoir A. 
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 5.8 Effect of Wind-hydro Coordination Criterion 
 
A coordination criterion is introduced to determine the amount of support 
required from the regulating hydro units to balance the variation in wind power. This 
criterion is a specific percentage of the rated wind farm capacity, and is varied to 
investigate the reliability benefit of the coordination between the wind farm and the 
hydro power station. A coordination criterion of 0.2 is applied in previous studies in the 
chapter. This means that hydro units assigned to respond to fluctuations of wind power 
will be started if the power output of the wind farm falls below 20% of its rated capacity.  
 
In this section, two cases with coordination criteria of 0.1 and 0.5 are compared 
with the base case that has a coordination criterion of 0.2. Figures 5.53 to 5.55 show the 
effect of the coordination criteria on the system adequacy. The figures show the results 
as the number of hydro units assigned to coordinate with wind power is increased from 1 
to 6 considering Reservoir A. It is seen that the difference between cases with different 
coordination criteria is very small. The effect of the coordination criteria on system 
adequacy is small when the hydro reservoir is relatively small. 
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Figure 5.53: Effect of coordination criterion on the system LOLE with Reservoir A. 
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Figure 5.54: Effect of coordination criterion on the system LOEE with Reservoir A. 
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Figure 5.55: Effect of coordination criterion on the system LOLF with Reservoir A. 
 
Figure 5.56 shows the effect of coordination criterion on the AWE. It is shown in 
the figure that all the available water in the reservoir is utilized for cases with different 
coordination criterion and different number of hydro units coordinated with wind power. 
Since no water is spilled for the cases with different coordination criteria as shown in the 
simulation results, the effect of coordination criterion on the AWS is not shown here.  
 
Figure 5.57 shows the effect of the coordination criterion on the AVolume. It is 
shown in the figure that the effect of the coordination criterion on the AVolume is 
significant. If the coordination criterion decreases from 0.2 to 0.1, the average water 
volume in the reservoir is increased. If the coordination criterion increases from 0.2 to 
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0.5, the average water volume is decreased. The reason that this phenomenon is not 
significant with an increased number of coordinated units as shown in Figure 5.56 is that 
the water in-flow is greatly limited for Reservoir A, and the available water is used up 
for cases with different coordination criteria. 
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Figure 5.56: Effect of coordination criterion on the AWE with Reservoir A. 
 
0
5
10
15
20
1 2 3 4 5 6
Number of hydro units coordinated with wind power output
A
vo
lu
m
e 
(M
m
^3
/y
ea
r)
0.1
0.2
0.5
 Figure 5.57: Effect of coordination criterion on the AVolume with Reservoir A. 
 
Reservoir B with increased water inflow and the reservoir volume is used in the 
following studies in order to further investigate the effect of the coordination criterion on 
system adequacy. The results are shown in Figures 5.58 to 5.63. 
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Figure 5.58: Effect of coordination criterion on the system LOLE with Reservoir B. 
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Figure 5.59: Effect of coordination criterion on the system LOEE with Reservoir B. 
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Figure 5.60: Effect of coordination criterion on the system LOLF with Reservoir B. 
 
Figures 5.58 to 5.60 show the effect of the coordination criterion on the system 
adequacy indices with the increased water inflow and reservoir volume. If the 
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coordination criterion is decreased from 0.2 to 0.1, the system reliability level does not 
change when the number of hydro units assigned to coordinate with wind power is equal 
to 1 or 2. The system adequacy with the 0.1 criterion is higher than the 0.2 criterion 
when the number of coordinated hydro units is greater than 2. The reason is that less 
water has to be used to respond to the fluctuation of wind power, and more water is 
available when hydro units are required to reduce the loss of load during peak hours. If 
the coordination criterion is increased from 0.2 to 0.5, the system adequacy is reduced 
when the number of hydro units that coordinate with wind power is greater than 1. The 
reason is that more water has to be used to respond to the fluctuations of wind power, 
and less water is available when hydro units are required during the peak hours.  
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Figure 5.61: Effect of coordination criterion on the AWE with Reservoir B. 
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Figure 5.62: Effect of coordination criterion on the AWS with Reservoir B. 
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Figure 5.63: Effect of coordination criterion on the AVolume with Reservoir B. 
 
Figures 5.61 to 5.63 respectively show the effect of the coordination criterion on 
the AWE, AWS, and AVolume with the increased water inflow and reservoir volume. If 
the coordination criterion is decreased from 0.2 to 0.1, less water is utilized by the hydro 
units, and more water has to be spilled. If the coordination criterion is increased from 0.2 
to 0.5, more water is utilized by the hydro units, and less water has to be spilled. In 
Figure 5.63, the AVolume values are similar for the three coordination criteria when one 
hydro unit is coordinated with wind power. The AVolume decreases as the number of 
hydro units assigned to coordinate with wind power increases. If the number of hydro 
units assigned to coordinate with wind power is greater than 1, the higher coordination 
criterion value results in a lower water volume in the reservoir. 
 
5.9 Effect of Hydro Unit Starting Failures 
 
The effects of hydro unit starting failures on the system adequacy and water 
utilization in the reservoir are investigated considering wind and hydro power 
coordination. The starting failure probability of hydro units is considered to be 0 in the 
previous studies presented in this chapter. The hydro units can either start successfully or 
fail to start. The hydro units that fail to start will be under repair and not available for a 
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period of time. In this section, cases considering hydro unit starting failure probabilities 
of 0.1 and 0.2 are compared with the case with a hydro unit starting failure probability of 
0.  
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Figure 5.64: Effect of hydro unit starting failure probability on the system LOLE with 
Reservoir A. 
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Figure 5.65: Effect of hydro unit starting failure probability on the system LOEE with 
Reservoir A. 
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Figure 5.66: Effect of hydro unit starting failure probability on the system LOLF with 
Reservoir A. 
 
Figures 5.64 to 5.66 show the effect of hydro unit starting failure probability on 
the system adequacy indices using Reservoir A data. It is shown in these figures that the 
starting failure probability of hydro units affect the system reliability level when there is 
no coordination between the hydro units and wind power, and the higher starting failure 
of hydro units result in lower system reliability. When a part of or all of the hydro units 
are assigned to coordinate with wind power, the effect of their starting failure probability 
on the system reliability is relatively small.  
 
Figures 5.67 to 5.69 respectively show the effect of starting failure probability of 
the hydro units on the AWE, AWS, and AVolume. Figures 5.67 and 5.68 respectively 
show that the effect of the hydro unit starting failure probability on the amount of water 
utilized and spilled is small. Figure 5.69 shows that the consideration of starting failure 
of hydro units will slightly increase the water volume in the reservoir.  
 
When no hydro units are assigned to coordinate with wind power, the water 
volume in the reservoir is close to its maximum limit, and starting failures of hydro units 
can have a significant impact on the system adequacy. When there is coordination 
between hydro units and wind power, the system adequacy is greatly reduced due to the 
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water shortage, but the impact on the system adequacy of the starting failures of hydro 
units is comparatively small. In the next study, the water inflow and reservoir volume are 
increased by using Reservoir B data, and the effect of starting failure of hydro units on 
the system adequacy and water utilization is further investigated. 
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Figure 5.67: Effect of hydro unit starting failure probability on the AWE with 
Reservoir A. 
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Figure 5.68: Effect of hydro unit starting failure probability on the AWS with  
Reservoir A. 
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 Figure 5.69: Effect of hydro unit starting failure probability on the AVolume with 
Reservoir A. 
 
Figures 5.70 to 5.72 show the effect of starting failure of hydro units on the 
system adequacy indices when the water inflow and the hydro reservoir are increased. 
When the number of hydro units coordinated with wind power is less than 3, the 
adequacy indices are increased as the starting failure probability of hydro unit increases 
from 0 to 0.2. When 3 hydro units are coordinated with wind power, the adequacy 
indices decrease when the hydro unit starting failure probability increases from 0 to 0.1. 
The adequacy indices, however, increase when the hydro unit starting failure probability 
further increases from 0.1 to 0.2. When the number of hydro units coordinated with wind 
power is greater than 3, the adequacy indices decrease as the hydro unit starting failure 
probability increases from 0 to 0.2. 
 
Figures 5.73 to 5.75 show the effect of hydro unit starting failure on the AWE, 
AWS, and AVolume. These figures show that the amount of water utilized is reduced, the 
amount of water spilled is increased, and the water level in the reservoir is increased if 
the starting failure probability of hydro units increases. The starting failure of hydro 
units has a significant impact on the water utilization when the water inflow and 
reservoir volume are increased. 
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Figure 5.70: Effect of hydro unit starting failure probability on the system LOLE with 
Reservoir B. 
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Figure 5.71: Effect of hydro unit starting failure probability on the system LOEE with  
Reservoir B. 
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Figure 5.72: Effect of hydro unit starting failure probability on the system LOLF with 
Reservoir B. 
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Figure 5.73: Effect of hydro unit starting failure probability on the AWE with  
Reservoir B. 
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Figure 5.74: Effect of hydro unit starting failure probability on the AWS with  
Reservoir B. 
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 Figure 5.75: Effect of hydro unit starting failure probability on the AVolume with 
Reservoir B. 
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 The consideration of hydro unit starting failure can reduce the system reliability 
level if sufficient water is available in the reservoir for the hydro units. When 3 or more 
hydro units are assigned to coordinate with wind power, the water in the reservoir is not 
always enough for the hydro units. The water can be saved for the peaking hydro units 
during the peak hours if the hydro unit starting failure is considered. This is the reason 
that the consideration of hydro unit starting failure can improve the system adequacy 
when 3 or more hydro units are assigned to coordinate with wind power. 
 
5.10 Effect of Initial Water Volume in the Reservoir 
 
In the previous studies in this chapter, the initial water volume in the reservoir is 
set at 80% of its maximum volume at the beginning of each simulated year. Two 
additional cases with initial reservoir water volume of 50% and 20% of the maximum 
volume are compared with the 80% case in this section. The effect of the initial water 
volume in the reservoir on the system adequacy and water utilization are investigated 
considering wind and hydro power coordination.  
 
Figures 5.76 to 5.78 show the effect on the system adequacy indices of the initial 
water volume in the reservoir using Reservoir A data. The system reliability decreases as 
the initial water volume in the reservoir decreases. The impact of initial water volume on 
system adequacy is significant as shown in these figures when there is no coordination 
between hydro units and wind power. The reason is that a decrease in the initial water 
volume means a decrease of the available water to meet the load during the peak hours. 
When there is coordination between hydro units and wind power, the water in the 
reservoir is used up for the three cases with different initial water volumes in the 
reservoir and the differences in the reliability indices between the three cases are small. 
The effect of the initial water volume in the reservoir on the system adequacy is small 
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when there is coordination between hydro units and wind power. 
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Figure 5.76: Effect of the initial water volume in the reservoir on the system LOLE with 
Reservoir A. 
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Figure 5.77: Effect of the initial water volume in the reservoir on the system LOEE with 
Reservoir A. 
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Figure 5.78: Effect of the initial water volume in the reservoir on the system LOLF with 
Reservoir A. 
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 Figures 5.79 to 5.81 show the effect of the initial water volume on the water 
utilization indices, the AWE, AWS, and AVolume when Reservoir A data is used. When 
there is no coordination between the wind power and hydro units, the initial water 
volume has a small impact on the amount of water utilized. The amount of water spilled, 
and the average water volume are however reduced. When a number of hydro units are 
assigned to coordinate with wind power, the decrease in the initial water volume reduces 
the amount of water utilized and slightly reduces the average water volume in the 
reservoir. 
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Figure 5.79: Effect of the initial water volume in the reservoir on the AWE with 
Reservoir A. 
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Figure 5.80: Effect of the initial water volume in the reservoir on the AWS with 
Reservoir A. 
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 Figure 5.81: Effect of the initial water volume in the reservoir on the AVolume with 
Reservoir A. 
 
In order to further investigate the effect of initial water volume in the reservoir, 
the water inflow and the reservoir volume are multiplied by a factor of 10 using 
Reservoir B, and the results are shown in Figures 5.82 to 5.87. 
 
Figures 5.82 to 5.84 show the effect of the initial water volume on the system 
adequacy indices when Reservoir B is used in the study. When the initial water volume 
decreases from 800 Mm3 to 500 Mm3, the system reliability changes slightly if there is 
no coordination between wind power and hydro units, or the number of hydro units 
assigned to coordinate with wind power equal to 1 and 2. If the number of hydro units 
assigned to coordinate with wind power is greater than 2, the decreased initial water 
volume significantly reduces the system reliability. When the initial water volume is 
decreased from 500 Mm3 to 200 Mm3, the system reliability level is reduced for all the 
cases as shown in the figures.  
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Figure 5.82: Effect of the initial water volume in the reservoir on the system LOLE with 
Reservoir B. 
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Figure 5.83: Effect of the initial water volume in the reservoir on the system LOEE with 
Reservoir B.  
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Figure 5.84: Effect of the initial water volume in the reservoir on the system LOLF with 
Reservoir B. 
 151 
 
 
 Figures 5.85 to 5.87 show the effect of the initial water volume on the AWE, 
AWS, and AVolume when considering the large reservoir and increased water inflow. It 
is interesting to see in Figure 5.85 that the AWE initially increases and then decreases 
with a decrease in the initial water volume as the number of coordinated hydro units is 
increased from 1 to 6. The AWE for cases with different initial water volumes continues 
to increase as the number of hydro units assigned to coordinate with wind power 
increases, and the AWE reach their maximum values at different levels for the different 
cases. Obviously, the decrease in the initial water volume in the reservoir reduces the 
total amount of available water. If the initial water volume is equal to 800 Mm3, the 
AWE reaches its maximum value when 5 hydro units are assigned to coordinate with 
wind power.  For initial water volumes of 500 and 200 Mm3, the AWE is a maximum 
when the number of hydro units assigned to coordinate with the wind power is equal to 4 
and 3 respectively. 
 
Figure 5.86 shows that less water is spilled if the initial water volume in the 
reservoir is decreased. Figure 5.87 shows that a reduced initial water volume decreases 
the average water volume in the reservoir.  
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Figure 5.85: Effect of the initial water volume in the reservoir on the AWE with 
Reservoir B. 
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Figure 5.86: Effect of the initial water volume in the reservoir on the AWS with 
Reservoir B. 
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 Figure 5.87: Effect of the initial water volume in the reservoir on the AVolume with 
Reservoir B. 
 
 
5.11 Summary 
 
A series of sensitivity studies are described in this chapter to illustrate the effect 
of important system parameters on the reliability benefits from the coordination between 
wind power and hydro units. An interactive simulation technique is applied for the 
adequacy evaluation of the generating system considering the coordination between 
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wind power and the hydro units. Base case studies were conducted to explore the impact 
of energy limited hydro units and the wind power dispatch restriction on the system 
adequacy using different hydro unit models. It is necessary to use the model that 
incorporates energy limitations and the different hydro unit resident states if the 
operating strategy of hydro units is to be considered in the system adequacy evaluation. 
 
The coordination between wind power and hydro units can reduce the system 
adequacy due to inadequate water in the reservoir if the hydro reservoir is relatively 
small and the hydro unit energy limitations are considered. If there is no coordination 
between the wind power and the hydro units, very little water is utilized by the hydro 
units. All the available water in the reservoir is used by the hydro units and no water is 
spilled if there is coordination between the wind power and the hydro units. 
 
The water inflow and reservoir volume are increased in the study to investigate 
the impacts of wind and hydro coordination as the water inflow and reservoir size in the 
initial studies are relatively small and inadequate to operate hydro units in coordination 
with wind power. The system reliability level can be maintained when the number of 
hydro units assigned to coordinate with wind power is 1 or 2 if the water inflow and 
reservoir volume are increased by a factor of 10. If the number of hydro units assigned 
to coordinate with wind power is greater than 2, the system adequacy decreases due to 
inadequate water in the reservoir. As the number of hydro units assigned to coordinate 
with wind power increases, more water in the reservoir is utilized by the hydro units, 
less water is spilled, and the average water volume continues to decrease in the reservoir. 
There are reliability benefits from the coordination between wind power and hydro units, 
and the number of hydro units assigned to coordinate with wind power has little effect 
on the system adequacy if the units are not energy constrained by the reservoir. 
 
The system reliability is improved by coordination between hydro units and wind 
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farms located in good wind regimes as long as there is adequate water in the reservoir. 
The wind regime can affect the amount of water utilized, and spilled since it can affect 
the frequency of hydro units starts in coordination with wind power.  
 
The system reliability is improved as the wind penetration increases, given that 
there is adequate water in the reservoir for the coordination between wind power and 
hydro units. The wind power penetration has little effect on the water in the reservoir 
since the coordination criterion is a fixed percentage of the rated wind capacity, which 
does not change with wind penetration. 
 
An increase in the system load decreases the system adequacy. The effect of the 
system load on the water in the reservoir is however small. 
 
The coordination criterion can significantly affect the reliability benefit of 
coordination between the wind power and the hydro units when the reservoir volume 
and the water inflow are increased from Reservoir A to Reservoir B data. The hydro 
units assigned to coordinate with wind power have to be started more often when the 
coordination criterion is relatively high, and therefore, more water is utilized by these 
hydro generators. 
 
An increase in the hydro unit starting failure probability can reduce the system 
adequacy when the water in the reservoir is adequate. When the water in the reservoir is 
inadequate, the increase in starting failure probability can reduce the amount water 
utilized by the hydro units assigned to coordinate with wind power and save the water 
for peaking purposes during peak hours and this has the effect of reducing the system 
adequacy indices. 
 
The initial water volume in the reservoir affects the amount of water available for 
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use in a given year. The decreased initial water volume in the reservoir therefore 
increases the annual system adequacy indices when there is coordination between wind 
power and hydro units.  
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6. SUMMARY AND CONCLUSIONS 
 
Global environmental concerns associated with conventional energy generation, 
limited reserves of fossil fuels, and increasing electricity demand have led to the rapid 
growth of wind energy applications in power systems. Different types of renewable 
energy policies, such as RPS and Fixed Feed-in-Tariffs have been implemented in 
various jurisdictions around the world. These policies have set high wind penetration 
targets in power grids within the jurisdictions. Wind is going to be an important source 
of electrical power generation in the near future. Large wind penetration in power 
systems will have serious impacts on the overall system reliability. 
 
Due to the variable nature of wind speed, large scale integration of wind power 
in a power system can produce large power fluctuations, and the continuity of electric 
power supply to customers can be affected. Energy storage can be utilized to reduce the 
risk in continuously meeting the varying system load. The actual benefits associated 
with wind power and energy storage in relatively large power systems need to be 
technically investigated using quantitative evaluation methods.    
 
There are two major techniques used by power utilities in the reliability 
evaluation of power systems. They can be categorized as being either deterministic or 
probabilistic methods. Deterministic methods cannot recognize the random system 
behavior and completely reflect the risk associated with a given system. Many power 
utilities have changed from deterministic to probabilistic criteria [43]. Probabilistic 
methods are suitable for adequacy evaluation of systems that include numerous random 
variables associated with wind power and energy storage. 
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 The fundamental techniques utilized in the probabilistic assessment of generating 
capacity adequacy include direct analytical and simulation methods. Analytical 
techniques for adequacy evaluation use mathematical and statistical models to represent 
the system elements. In an analytical approach, the generation model is in the form of a 
capacity outage probability table that includes the capacity and the corresponding 
probability of each outage state of the generating system. The load model is a daily peak 
load duration curve or an hourly load duration curve. The main disadvantage of the 
analytical method is that it can not recognize the chronological variations in the 
generation and load elements and the correlation between subsequent events, which are 
very important in the assessment of power systems with wind energy and energy storage. 
The sequential MCS method is therefore used in the adequacy evaluation of generating 
systems containing wind power and energy storage. In this method, the generation model 
is constructed by creating an artificial operating history of each generating unit in time 
chronology. The load model is represented by a sequential hourly load variation profile. 
The system risk indices in both approaches are obtained by combining the generation 
model and the load model to obtain the system risk model. 
 
The generating model for power systems including wind power is developed 
using the following steps. Time series auto regressive and moving average models for 
wind regimes with different geographical characteristics are utilized to simulate the 
high-order auto-correlation, the seasonal and diurnal distribution of the actual wind 
speed. The power curve technique is employed to obtain the available wind farm power 
output from the simulated wind speed. A time sequential MCS method is applied to 
generate a synthetic operating history of a generating system. 
 
An energy storage facility can be used to smooth the fluctuating nature of wind 
power, and improve the continuity of power supply from a wind energy conversion 
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system. A time series model for energy storage considering its charging/discharging 
characteristics is developed based on the generation time series and the load time series 
models. A wind energy dispatch restriction is incorporated in the model, in which the 
wind energy utilization is restricted to a specified percentage of the system load in order 
to consider the power system stability concerns. The amount of wind energy that can not 
be directly absorbed by the system is surplus wind energy and is available to be stored in 
an energy storage facility. All of the surplus wind energy can not be stored since there 
are charging/discharging constraints and capacity limits of energy storage facilities. 
 
 A hydro plant with a reservoir acts as an indirect energy storage facility. It has 
the ability to quickly adjust its power output and alleviate the impact of wind power 
fluctuations. Hydro units are modeled by incorporating energy limitations in the IEEE 
four-state model in order to recognize the intermittent operation of hydro units in 
response to the system need. If a hydro unit is successfully started, its power output 
depends on the water condition in the reservoir during that time interval. A coordination 
strategy between wind power and energy limited hydro units are considered, and an 
interactive simulation model is developed for adequacy evaluations. 
 
The overall system adequacy increases with an increase in the wind power 
penetration level. The incremental reliability benefits from wind power, however, 
decrease. The simulation results show that the expected surplus wind energy (ESWE) 
increases as the installed wind capacity is increased above the minimum system load 
level when all wind energy can be utilized by the system load. At relatively high wind 
penetration, the wind power must be restricted to avoid system stability problems in 
practical system operation. In this case, the ESWE can be relatively high, and a 
significant amount of ESWE that cannot be absorbed by the system is available for 
storage. A relatively high ESWE means more benefits can be obtained from using energy 
storage in wind integrated power systems.  
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 Energy storage can improve the system adequacy of a generating system 
containing wind power. The charging/discharging restrictions of the storage facility 
greatly limit the benefits from energy storage. Different storage technologies have 
different charging/discharging characteristics, and therefore, provide different reliability 
benefits to the system.  
 
Three different operating strategies for wind farm and energy storage are 
proposed and compared in terms of their contribution to the overall system reliability 
and the utilization of a storage facility to capture surplus wind energy. In Scenario 1, the 
energy stored is only used to avoid or minimize load loss situations. A fixed power 
dispatch commitment is made in Scenario 2 from the combined use of wind power 
output and energy storage. Scenario 3 is similar to Scenario 2 with additional usage for 
the stored energy to avoid or minimize load loss situations. There is a wind energy 
dispatch restriction for all three operating strategies, and the surplus wind energy above 
the wind energy dispatch restriction is available for storage. Energy storage in Scenario 
1 is controlled by the Independent System Operator, and the stored energy is used to 
supply the system load when the sum of the wind power and the conventional power is 
inadequate to supply the system load. Energy storage in Scenario 2 and 3 are operated by 
wind farm owners, and a commitment is made to supply power equal to the wind energy 
dispatch restriction. 
 
The wind farm and energy storage operating strategy described in Scenario 1 
provides higher system reliability than Scenarios 2 and 3. Compared with Scenario 2, 
energy storage in Scenario 3 has more ability to improve the system reliability for a wide 
range of wind energy dispatch restrictions. The charging and discharging characteristics 
of energy storage can greatly affect the reliability benefits from energy storage in 
Scenario 1, but have negligible effects on the reliability benefits in Scenarios 2 and 3.  
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 There is better utilization of the stored energy in Scenarios 2 and 3 than in 
Scenario 1. In other words, significantly more wind energy can be stored in Scenario 2 
and 3 compared with Scenario 1. There is very little difference between Scenarios 2 and 
3 on the wind energy that can be placed in the energy storage facility. The charging and 
discharging restrictions on energy storage have great influence on the amount of wind 
energy that can be stored in Scenarios 2 and 3. The reliability benefits from energy 
storage in all three scenarios are highly dependent on the wind energy dispatch 
restrictions. Energy storage in Scenario 3 has the ability to improve the system reliability, 
and capture relatively large amounts of surplus wind energy. Energy storage in Scenario 
3 is a potentially useful option for both power system operators and wind farm owners. 
 
An interactive simulation technique considering the coordination between wind 
and hydro power generation is applied in the adequacy evaluation of generating systems. 
Base case studies were conducted to investigate the impact of energy limited hydro units 
on the system adequacy using different hydro unit models, and the effect of wind power 
dispatch restriction on the reliability benefits of wind power. It is necessary to use a 
model that incorporates energy limitations and the different hydro unit resident states if 
the operating strategy of hydro units and WTG units are to be considered in the system 
adequacy evaluation. Wind power dispatch restrictions have considerable great influence 
on the system adequacy indices especially when the wind penetration level is relatively 
high. 
 
A series of sensitivity studies have been conducted to investigate the effect on the 
reliability benefit from the coordination between wind power and hydro units of 
important factors, such as the number of hydro units assigned to coordinate with the 
wind power, the water in-flow and reservoir volumes, the wind farm locations, the wind 
power penetration levels, the system load level, the coordination criterion between the 
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wind power and the hydro units, the hydro unit starting failure probability, and the initial 
water volume of the reservoir. 
 
The reliability benefits from the coordination between wind power and hydro 
units largely depends on the reservoir size, water in-flow to the reservoir, and the 
number of hydro units assigned to coordinate with wind power. There are significant 
reliability benefits from wind and hydro coordination if infinite water is available in the 
reservoir. In this case, the number of hydro units assigned for coordination has little 
effect on the system adequacy. If there is inadequate water in the reservoir due to 
relatively small water in-flow and reservoir volume, the coordination between wind 
power and hydro units can reduce the system adequacy. All the available water in the 
reservoir is used up by the hydro units that operate in response to wind power 
fluctuations, and no water is available to supply the load during peak hours. If there is no 
coordination between wind power and hydro units, very little water is utilized by the 
hydro units. 
 
Reservoir A used in the initial studies is relatively small with a small water 
in-flow, and is inadequate to provide storage benefits for wind integrated power systems. 
Reservoir B is larger than Reservoir A by a factor of 10, and therefore, can provide 
relatively more benefits to the system from wind and hydro coordination. The system 
adequacy is improved by wind and hydro coordination if the number of assigned hydro 
units is less than 3. If the number of hydro units assigned to coordinate with wind power 
is greater than 2, the system adequacy continues to decrease due to inadequate water in 
the reservoir. As the number of hydro units assigned to coordinate with wind power 
increases, more water in the reservoir is utilized by the hydro units, less water is spilled, 
and the average water volume continues to decrease in the reservoir. 
 
Better wind regimes normally mean higher average wind speed and greater 
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expected power output from the WTG units. If wind farms are located in better wind 
regimes, more reliability benefits can be obtained from the coordination between hydro 
units and wind farms as long as there is adequate water in the reservoir. The amount of 
water utilized by hydro units can be reduced if the wind farm is located at a site with 
good wind regime since it can decrease the frequency of hydro units started to 
coordinate with wind power.  
 
The system reliability is improved as the wind penetration increases if there is 
adequate water in the reservoir for the coordination between the wind power and the 
hydro units. The wind power penetration has little impact on the water in the reservoir 
since the coordination criterion does not change with wind penetration as it is a fixed 
percentage of the rated wind capacity. 
 
The reliability benefit from the coordination between wind power and hydro 
units is significantly affected by the coordination criterion when the hydro reservoir is 
relatively large. The hydro units assigned to coordinate with wind power have to be 
started more often when the coordination criterion is relatively high, and therefore, more 
water is utilized by these hydro generators and less water is available for peaking 
purposes during high load hours. 
 
The system adequacy is reduced by an increase in the starting failure probability 
of hydro units when there is adequate water in the reservoir. When the water in the 
reservoir is inadequate, increases in the starting failure probability of hydro units reduces 
the amount of water utilized by the hydro units assigned to coordinate with wind power. 
As a result, the system adequacy is improved since more water is available for the 
peaking units to serve the load during the peak hours. 
 
The amount of water available for utilization in a given year is affected by the 
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initial water volume in the reservoir. A decrease in the initial water volume in the 
reservoir increases the annual system adequacy indices with or without the coordination 
between wind power and hydro units. The system adequacy is decreased by an increase 
in the system load. The effect of the system load on the reservoir water is small if the 
coordination between wind power and hydro units is considered. 
 
In conclusion, the models and methodologies developed, concepts and examples 
illustrated, results and discussion presented in the thesis provide valuable information to 
electric power utilities for planning and operating power systems containing wind power 
and energy storage.  
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APPENDIX A 
LOAD DATA AND GENERATING SYSTEM DATA FOR THE 
IEEE-RTS 
 
Table A.1: Weekly peak load as a percentage of annual peak 
Week Peak load (%) Week Peak load (%) 
1 86.2 27 75.5 
2 90.0 28 81.6 
3 87.8 29 80.1 
4 83.4 30 88.0 
5 88.0 31 72.2 
6 84.1 32 77.6 
7 83.2 33 80.0 
8 80.6 34 72.9 
9 74.0 35 72.6 
10 73.7 36 70.5 
11 71.5 37 78.0 
12 72.7 38 69.5 
13 70.4 39 72.4 
14 75.0 40 72.4 
15 72.1 41 74.3 
16 80.0 42 74.4 
17 75.4 43 80.0 
18 83.7 44 88.1 
19 87.0 45 88.5 
20 88.0 46 90.9 
21 85.6 47 94.0 
22 81.1 48 89.0 
23 90.0 49 94.2 
24 88.7 50 97.0 
25 89.6 51 100.0 
26 86.1 52 95.2 
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Table A.2: Daily peak load as a percentage of weekly peak 
Day Peak load (%) 
Monday 93 
Tuesday 100 
Wednesday 98 
Thursday 96 
Friday 94 
Saturday 77 
Sunday 75 
 
Table A.3: Hourly peak load as a percentage of daily peak 
 Winter weeks 
1-8 & 44-52 
Summer weeks 
18-30 
Spring/Fall weeks 
9-17 & 31-43 
Hour Weekday Weekend Weekday Weekend Weekday Weekend
12-1 am 67 78 64 74 63 75
1-2 63 72 60 70 62 73
2-3 60 68 58 66 60 69
3-4 59 66 56 65 58 66
4-5 59 64 56 64 59 65
5-6 60 65 58 62 65 65
6-7 74 66 64 62 72 68
7-8 86 70 76 66 85 74
8-9 95 80 87 81 95 83
9-10 96 88 95 86 99 89
10-11 96 90 99 91 100 92
11-12 pm 95 91 100 93 99 94
12-1 95 90 99 93 93 91
1-2 95 88 100 92 92 90
2-3 93 87 100 91 90 90
3-4 94 87 97 91 88 86
4-5 99 91 96 92 90 85
5-6 100 100 96 94 92 88
6-7 100 99 93 95 96 92
7-8 96 97 92 95 98 100
8-9 91 94 92 100 96 97
9-10 83 92 93 93 90 95
10-11 73 87 87 88 80 90
11-12 63 81 72 80 70 85
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Table A.4: IEEE-RTS generating unit ratings and reliability data 
Unit No. Rated Power (MW) 
MTTF 
(Hours) 
MTTR 
(Hours) FOR 
1 12 2940 60 0.02 
2 12 2940 60 0.02 
3 12 2940 60 0.02 
4 12 2940 60 0.02 
5 12 2940 60 0.02 
6 20 450 50 0.1 
7 20 450 50 0.1 
8 20 450 50 0.1 
9 20 450 50 0.1 
10 76 1960 40 0.02 
11 76 1960 40 0.02 
12 76 1960 40 0.02 
13 76 1960 40 0.02 
14 100 1200 50 0.04 
15 100 1200 50 0.04 
16 100 1200 50 0.04 
17 155 960 40 0.04 
18 155 960 40 0.04 
19 155 960 40 0.04 
20 155 960 40 0.04 
21 197 950 50 0.05 
22 197 950 50 0.05 
23 197 950 50 0.05 
24 350 1150 100 0.08 
25 400 1100 150 0.12 
26 400 1100 150 0.12 
27 50 1980 20 0.01 
28 50 1980 20 0.01 
29 50 1980 20 0.01 
30 50 1980 20 0.01 
31 50 1980 20 0.01 
32 50 1980 20 0.01 
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APPENDIX B 
GENERATING UNIT RATINGS AND RELIABILITY DATA FOR 
THE RBTS 
Table B.1: RBTS generating unit ratings and reliability data 
Unit No. Rated Power (MW) MTTF (Hours) MTTR (Hours) FOR 
1 40 1460 45 0.03 
2 40 1460 45 0.03 
3 10 2190 45 0.02 
4 20 1752 45 0.025 
5 5 4380 45 0.01 
6 5 4380 45 0.01 
7 40 2920 60 0.02 
8 20 3650 55 0.015 
9 20 3650 55 0.015 
10 20 3650 55 0.015 
11 20 3650 55 0.015 
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